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ABSTRACT 
Isolation of chimerical Lambda phage containing DNA from 
Echinus esculentus is described. Heteroduplex analysis indicated 
that 2 such chimeras contained sequences capable of reaasociating 
intramolecularly to give intrastrand double strand DNA (foldback 
DNA). The cloned DNAs are not related. This is established by 
lack or cross reaction on filters, lack of ability to form duplexes 
in the electron microscope and different distribution of Hind III 
restriction endonuclease sites. 
Experiments to test the location of the cloned DNA fragments 
in the E. esculentus genome, resulted in the observation that total 
DNA from single E. esculentus showed Eco RI and Hind III restriction 
patterns that were reproducibly different between 7 individuals. 
Further investigation indicated that ribosomal DNA, Histone DNA 
and the complex patterns of cloned DNA hybridization were all 
d:fferent between individuals. No such variability could be seen 
within different tissues of a single organism. It is concluded that 
variability in DNA sequence, analagous to genetic polymorphism, occurs 
in E. esculentus populations. It is then argued that DNA variability 
is not unexpected and consideration is gLven to the interpretation of 
experiments by other workers in the light of these findings. 
Experiments are also suggested to investigate further the function 
of foldback DNA. 
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Reassociation of denatured DNA has been studied for some 15 
years and it has become customary to describe the process by second 
order kinetic equations. However in both eukaryotes and prokaryotes 
a class of DNA is found that reassociates essentially instantaneously, 
irrespective of concentration and thus behaves in a fashion that 
indicates a untmo1eou]ar or intrastrand reassociatjon process. 
The purpose of this introduction is to describe both the development 




A NOTE ON NOMENCLATURE 
There is no generally accepted name yet to describe nnimoleoularly 
reassoolating DNA. It has been called 'undenatured' (Bernardi 1961) 
cross-linked (Walker and MoLaren 1965) foldback (mitten & Smith 1970) 
Hairpin (Church and Georgiev 1973) Zero-time binding (Davidson at a]. 
1973) palindromic (Wilson and Thomas 1974) and inverted repeat 
(Schmid at al 1975). All these terms accent different features of 
the DNA and all describe DNA frants which contain extensive areas 
of intrastrand homology or cross linkage, as defined by reaeaooiation 
techniques. 
I propose to use the term foldbaok to denote all franenta 
reassociating unimi1ecularly and the term hairpin to describe the 
structures such sequences contain. 
Figure 1k demonstrates the sequence relationship that causes 
fo].dback DNA to aelf-reassooiate. It should be noted that the self 
FIGURE  
A. Foldback DNA. The sequence relationship in native 
DNA that produces hairpin structures in denatured 
DNA molecules. 
B • A pal indroniic sequence in DNA. 
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2. 
reassociating sequences exhibit true two fold (rotational) symmetry. 
The teen inverted repeat properly describes the relationship. The 
much used word palindrome describes the sequence shown in figure 13, 
which would not be self-reassociating and only posses pseudo two 
fold symmetry. It has the property of reading in the same strand, 
the same base sequence from 5' to 3' and  3' to  5 1 . The point is 
semantic but the misuse of palindrome nay prove misleading and 
confusing. Indeed Cavalier-Smith 1976 has already had to redefine 
a palindrome to fit the structure of foldback hairpins. 
SECTION C 	THE DFNELOPMEINT OF IDEAS ON 
FOLDB&CK DNA STRUCTURE 
The rapid reaseociation of cross-linked DNA was first recognised 
by Geiduahek 1961 and this concept dominated early work in this field. 
Bernardi 1962 demonstrated that a small fraction of apparently 
denatured DNA behaved as double stranded on HAP chromatography, 
This technique was also used by Walker and Molaren 1965 who, for the 
first time1 introduced the concept of a hairpin structure as opposed 
to cross-linkage, but were unable to distinguish between the two 
possibilities. Rownd et a]. 1968, Alberta 1968, Alberta and Doty 
1968, Mulder and Doty 1968 and Chevallier and Bernardi 1968, wkin 
with a variety of micro-organism DNA' a, kept to the idea of cross-
linkage, although Alberta 1968 in particular argued that the cross-
link must be terminally located. Britten and Smith 1970 speculated 
that intrastrand sequence homologies could be responsible for the 
apparent double strand nature of some DNA and this was echoed by 
Davidson et a]. 1973 and Church and Georgiev 1973 • However it was 
3. 
Wilson and Thos 1974 who were first able to demonstrate the hafr-
pin nature of this fraction by examination in the electron microscope. 
These authors also pointed out that a terminal cross-link and a  hair-
pin would be difficult to distinguish by physical methods. It was 
not until the advent of satisfactory methods for the visualization of 
single strand DNA. under the electron microscope were available (Davis 
et al 1971)9 that it became realistic to distinguish between the two 
structures. 
In the discussion of the properties of foldbaok sequences that 
follow, the evolution of foldback DNA from cross-linked to intra-
strand homology will be illustrated and discussed, but for a clear 
description of the features of foldback DNA, it is necessary to ignore 
the gradual change in thought that has ocoured over the last fifteen 
years. It is proposed to concentrate on the salient features of fold-
back DNA as they appear at the time of writing. 
SECTION D 	THE IDENTIFICATION AND ISOLATION OF 
FOLDBACK DNA. 
Poldbaok DNA was originally identified as a kinetic class that 
was characterized by very rapid reassociation rates which are 
independent of DNA. concentration. It is important to differentiate 
between this kinetic definition of foldbaok DNA and the structural 
method, which relies on the examination of previously isolated molecules 
for hairpin structures under the electron microscope. 
4. 
i. 	 Foldback DNA as a kinetic class 
All techniques of isolation have used the rapid monomolecular 
reassociation of fo]4back DNA as a means of purification from more 
slowly reassociating bimolecular species. 
Bernardi 1962, was the first worker to use HAP as a means of 
isolation and the majority of subsequent studies have been performed 
using this technique. Alberta and Doty 1968 used a phase partition 
sulphate 
system based on polyethylene glycol and dextranLto isolate double strand 
DNA from Calf, B. subtilie, E. coli and H. influenzae and further 
characterized the product by caesium chloride centrifugation. This 
latter technique was used as a primary method of isolation by Rownd 
at al 1968 and others. Further characterization was achieved by the 
study of the transforming properties of the DNA so isolated. 
Church and Georgiev 1973 used the single strand specific nuclease 
(Sutton 1971) to isolate the duplex segments of rapidly quenched 
denatured DNA from the mouse. 
All the above methods have 3 potential sources of inaccuracy 
in defining foldback DNA as a separate class. Firstly the 
definition of any kinetic class is broad. Very little data was 
produced by any of the workers above, to set limits on potential 
'contamination , by bimolecular reassociation. The occurrence of 
between 10 and 60% of the eukaryotic genome as highly repetitive 
DNA sequences (Walker 19719 Bostock at al 1972) with their rapid 
reaseociation rates (Britten and Kohen 1967) limits distinction 
between monomolecular and bimolecular reassociation products. The 
most reiterated sequences in the eukaryote genome reassociate with 
Cot* values (in total DNA) of the order of 10 to 102. In the 
studies mentioned it has generally, bat arbitrarily, been accepted 
that Cot values less than 10 represent an essentially monomolecular 
reaction. At this Cot hun.n DNA sheared to 600 NP shows 10% 
bimolecular reassooiation, but this increases to 50% if DNA of 13Kb 
is used (Schmid and Deininger 1975). The heavy dependence of rate 
of reassociation on the size of DNA renders even interpretation of a 
single experiment problematic. Secondly the various methods 
described have greatly differing powers of discrimination between 
double and single strand DNA. Polyethylene glycol/Dextr&4 phase 
systems (Alberta 1967), caesium chloride gradients and transformation 
assays all detect as double strand only those molecules that are 
completely or predominantly so, whereas NAP fractionation can 
recognize as double strand molecules that are as little as 0.1% 
duplex (Wilson and Thomas 1973). Thirdly the definition of duplex 
DNA depends on the extent of mismatched base pairing that can be 
tolerated within the duplex segment. The methods discussed vary 
considerably in this respect, S nuclease has been shown to be 
sensitive to a single base pair mismatch (Shenk et al 1975) and 
Sob-Id et al 1975, using HAP chromatography found that 95% of input 
D. melanogaster DNA bound 'instantaneously' at 30°C compared to 12% 
at 70 0C. These conditions correspond to a maximum tolerated mis-
match of 60% and 20% respectively. 
For these reasons, foldback DNA isolated by reassociation can 
only be considered an enriched as opposed to pure fraction of DNA 
and this limits conclusions drawn from its study. In addition it 
Is necessary to take into consideration the method of isolation in 
attempting any comparisons between the various foldbaok DNA fractions 
so far isolated. 
5 . 
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ii. 	 Poldbaok DNA as a structural class 
Structurally defined foldback DNA has, until recently, only 
been studied in prokaryotic genomes and episomea and will be covered 
in section 1G. Recent work by Karrer and Gall 1976, Engberg et al 
1976 and Hollenberg et al 1976 represent the first reports of 
structurally defined foldback DNA in eukaryotes. 
Such structurally defined foldbaok DNA has now been isolated 
with great purity and can be used as defined and specific fractions 
for the study of structure and function. It is likely that this 
class will prove more useful than the mixed population of molecules 
given by reassociation, for future experiments. 
SECTION B 	POLDB&CK DNA. WITHIN DJYERENT SPECIES 
Foldback DNA appears to be widespread, occurring in both 
prokaryotes and eukaryotes and their associated viruses and episonies. 
In prokaryotes, foldbaok DNA has been isolated from B. coil R, P, F' 
plasmids (Sharp et al 1973) and insertion sequences (Schmidt et al 
1976). Kinetically defined foldback DNA. sequences have been 
studied in B. ooii chromosomal DNA. (Kato et al 1974), B. aubtilis 
(Rownd et al 1968) and H. influenzae (Alberta and Doty 1968). 
Viral foidbaok sequences have been detected as kinetic classes 
in Ti (Barzilai and Thos 1970) Pd (Schaller et al 1969) M13,  Fl 
and Øx 174 (Forsheit and Ray 1970, Shishido et al 1969) and SP82 
(Alberta 1968). The eukaryotic viruses Adeno 1, 2, 39 7, 18 and 31 
(Garon et al 1975)  all possess terminal inverted repeats and both 
vaccinl virus (Geablin and D.Lrw 1974) and fowl pox virus 
(szybalski et a.]. 1963) have terminally located cross-links-or 
single strand loops that enable the entire genome to 'foldback' 
on itself. 
In eukar3rotes foldback DNA is ubiquitous. It has been 
demonstrated in Oxytrichia (Wesley 1975)9 Tetrabymena pyrifomia, 
Echinus esuclentus, Drosophila simu.lans (own unpub. data) 
D. melanogaster, Triturus viridesoens (Wilson and Thomas 19709 
Xenopus laevie (Davidson et al 1973). Calf (Bernardi 1962) 
Mouse (Wilson and Thomas, 1974) Rat (Walker and McLaren 1969), 
Wood mouse, kangaroo rat, sheep, rabbit, pig (own unpub. data) 
and finally humans (Dott et al 19759 Schmidt and Deiniger 1975). 
In addition fo].dbaok DNA has been isolated in yeast mito-
chond.rial DNA from petite mutants (Locher et al 1974)  and yeast 
2 pM circles (Hollenberg et al 1976) and in a number of maintained 
cell lines, mouse L cells (Walker and McLaren 1969) Human ReLa 
cells (Wilson and Thomas 1974) and FLA (own unpub. data). 
The variety of techniques used for isolation make oompariaoma 
between one species and another extremely difficult. Nor is it 
possible to argue that prokaryote and eukaryote sequences are 
functionally or indeed, structurally analogous • However this 
class of DNA does appear to be a general feature of all genomes 
and it is tempting to believe that its presence is required for a 
function,rather than the product of genetic accident. 
7. 
SECTION P 	EUXARY(Y]IC FOLDB&CK DNA 
1. 	The proportion of the genome that appears as foldbaok DNA 
The proportion of eukaryotic genome, measured as foldbaok DNA 
by HAP fractionation, is highly dependent on the molecular weight 
of the DNA. In P. viridescens yields of foldback DNA vary from 
3% at approximately 500 N.P. to 60% at 24 Kb, a similar pattern to 
HeLa and X.enopue DNA. However both D. me].anogaster and mouse show 
less marked molecular weight dependence with 3% at 500 N.P. and 10-
12% at 24 Kb. (data of Wilson and Thomas 1974). The variation is 
of course due to the single strand 'tails' which are attached to the 
shorter duplex foldbaok regions. This is demonstrated by an 
increasing sensitivity to the single strand nuclease Si of foldbaok 
DNA, with increasing molecular weight (Cech et al 1973). For this 
reason direct comparison of the literature is often impossible. 
It only becomes meaningful to ask what proportion of the genome is 
involved directly in duplex formation in foldback DNA. Single 
strand specific nucleases can be used for this analysis • Three 
such enzymes have been used. Mang bean Endonuoleaso I (Schmid 
et a]. 1975) Si nuclease (Church and Georgiev 1973) and Neuroapora 
crassa endonuclease (Wilson and Thomas 1974), 
In D. melanogaster such nuclease resistant sequences represent 
3% of the genome (Schmid et al 1975),  in Mouse 2% or 5% (Church and 
Georgiev 1973, Cech et al 1973) and in Hunan 3-5% (Dott .t a]. 1975). 
Several workers have presented data on the dependence of fold-
back DNA yield on molecular weight. Extrapolation of these data 
to low molecular weights may be used to obtain estimates of double 
strand content and show that Triturus, Xeno, Sea urchin and HoLe 
cell all posess 3-5% of their DNA in the duplex segments of foldbaok 
DNA. 
It may be concluded that between 5 and  5% of the gononie, 
equivalent to between 107aM 108  N.P. is directly involved in 
formation of the duplex segment of foldback DNA. The size of 
the duplex stem is highly variable as will be discussed in 
section I.P. iv and it is therefore difficult to express this 
percentage in absolute numbers of hairpin structures. However 
an estimate of 104 to 1o5 hairpins per genome is generally 
applicable. 
ii. 	 Hairpins or cross-links? 
The question of the physical nature of foldbaok DNA was aproaohed 
by Alberta and Doty 1968. Using nitrous acid cross-linked DNA as 
a model, they concluded that foldbaok DNA from B. subtilia, R. coli, 
H. influenzae and Calf behaved identically to the control cross-
linked DNA on oaesium chloride density gradients. However alkaline 
sucrose gradient indicated that the putative cross-linked, foldbaok, 
DNA sedimented identically to single strand DNA, whereas nitrous 
acid cross-linked material sedimented at a slower rate. Alberta 
and Doty concluded that the cross-link in DNA must therefore be 
terminal as opposed to internal. Wilson and Thomas 1974, demonstrated 
that Nitomyoin C cross-linked DNA, visualized in the electron 
microscope, gave a high proportion of single strand X-forms, whereas 
foldback DNA from Xenopua and Drosophila did not. This did not 
eliminate the possibility of a cross-link located within 100-50 
nucleotides of the end of the molecule. Schmid et a). 1975 were 
able to visualize D. melanogaster foldback DNA in the electron 
UP 
microscope and demonstrate unequivocally hairpin structures with 
terminal single strand loops and thus eliminate cross-linking for 
80% of their structures. 
Jolly and Ormerod 1974 approached the problem of cross-linked 
DNA from Mouse directly. By use of X-ray induced nicks, 
denaturation and caesium chloride centrifugation an upper limit for 
cross-links was placed at 1 per 3000 Kb. (0.1% at a molecular weight 
were 100% foldback DNA would be expected). However Porte and 
1nn 1976 claimed to demonstrate 1-4 cross-links per 45 Kb 
fragment of yeast DNA. 
It seems likely that the majority of foldbaok DNA sequences are 
caused by intrastrand homologies but a email proportion may be cross-
linked. However the work of Rownd, Alberta and others has not been 
reconsidered in the light of recent studies. It should be noted that 
Kato et a]. 1974 isolated a fraction of DNA from E. ccli that corresponds 
to eukaryotic foldback DNA. in its behaviour on HAP. Additionally 
Nioolaieff and Chevallier 1968 were able to show that their putative 
cross-linked DNA from H. influenzae pos eased single strand tails 
when viewed in the electron microscope. They were not able to 
distinguish, with the techniques then available, between 2 tails 
attached to a hairpin and staggered breaks in a cross-linked 
molecule. 
I U. 
Looped or non-looped hairpins? 
There is controversy as to the nature of the hairpin in foldbaok 
DNA. Model building experiments (Meselson et al 1972) have indicated 
that it is possible to bend a single strand DNA molecule to form a 
hairpin duplex with only two bases remaining unpaired at the barn 
round of the helix. The controversy has centred round the existence 
of single strand turn round loops that are considerably larger than 
this minimum size. Under the electron microscope, it is accepted 
that single strand regions smaller than 50-100 nucleotides in length 
cannot be visualized. Hairpins smaller than this limit are referred 
to as 'unlooped'. 
Wilson and Thomas 1974 concluded that D. nielanogaster fo].dback 
DNA consisted entirely of unlooped structures, whereas Schmid et al 
1975 believed these structures to represent only 20% of the observed 
molecules. Schmid et al 1975 calculated that the reaasooiation 
reaction in 'folding back' is not instantaneous and occupies 19 
seconds for 2 sequences 1000 nucleotides long, spaced by 5000 
nucleotides in a molecule of 10 9000 nucleotides in total. On the 
authors own admission the calculation was approximate but none the 
less they used it to explain the differing results • However Wilson 
and Thomas 1974 pointed out that a period of 5 minutes was allowed 
for neutralization and HAP column loading, which argues against this 
explanation. It is more probable that Wilson and Thomas, working 
with DNA 1-3 Kb in length overlooked the small fraction of looped 
structures expected in DNA of this length. Schmid et al 1975 
indicated that average length of the turn round loop was 2.7 Kb 
(Number average) 6.l .b (weight average) and it seemapossiblethat 
the proportion of 1-3kb molecules with loops smaller than this, is 
sufficiently small to escape detection in the electron microscope. 
11. 
Other workers have reported looped hairpins in foldback DNA 
from Xenopus (Davidson et al 1973), Mouse in 50% of all foldbaok 
structures (Cech and Hearst 1975), Human (own unpub. data) and the 
Sea Urchin (see section III A.V.). However Schmid et a]. 1975 
report that the loops in Xenopus and Calf are small and also that 
Aplysia loops are Si nuclease resistant and therefore very smell. 
It is apparent that there can be no clear out and general 
description of the foidback hairpin structure. 
iv. 	The dimensions of the hairpin and their spacing 
within the genome 
The sizes of hairpins have been reported for HeLa cells, Xenopua 
(Wilson and Thomas 1974), D. melanogaster (Schmid et al 1975) and 
mouse (Cech and Hearst 1975), 
In Xenopus iaevis hairpin stems show a broad range in size from 
0.3 to 1.2 Kb withthe tail of the distribution extending up to 
7.5 Kb • HeLa is similar. D. melanogaster ranges up to 15 Kb with 
a length average of 5 Kb.. Mouse shows a broad distribution from 
1-2 Kb, extending up to 6 D o The loop dimensions were 6.1 Kb 
average in D. melanogaster and in mouse 2.7-3.9 Kb average but 
extending up to 20 Kb. The unlooped hairpin duplex dimensions did 
not vary significantly from the looped variety. This has been 
shown for Mouse (cech and Hearst 1975) and D. me].anogaater (Schmid 
et al 1975). 
It is hard to generalize from these data but it appears that 
structures with a stem of 1-3 Kb and with loops of 2-4 Kb predominate. 
Cech and Hearst 1974  indicated that loop dimensions may be dependent 
I . 
on the size of DNA and therefore the data may not reflect the true 
dimensions of the hairpin structures. It is necessary, therefore, 
to consider the spacing of adjacent hairpin structures, 
4 models my be used to describe the distribution of hairpins 
in total DNA. 
Random spacing 
Regular spacing 
5. Regularly spaced clusters 
4. Randomly spaced clusters 
Experimentally the models may be approached by 3 techniques. 
Firstly the yield of foldbaok DNA on HAP with increasing molecular 
weight (Method 1). Secondly the yield of nuclease resistant, 
duplex DNA, with increasing size (Method 2), and thirdly the 
proportion of molecules of a gtven length containing 1 1, 2 9 3 or more 
hairpins (Method 5). The techniques have an underlying similarity 
of design. A mathematical description is produced to describe the 
expected behaviour of DNA fragments in the experimental system, based 
on one or more of the 4 models. It is then decided which model most 
closely fits the experimental data. 
Method 1 was used by Wilson and Thomas 1974, together with a 
mathematical analysis by Earner and Thomas 1974, to show a random 
distribution in T, virideecens DNA (Model 1) whereas HeLa, Mouse 
and D. melanogaster showed regularly spaced clusters (Model 3), 
Schmid et al 1975, using the same method (Method 1) showed a 
random distribution in D. nielanogaster (Model 1) and further 
confirmed this by use of Method 3. Schmid et al admit the 
experimentally derived data Is not sufficient in either reproduotibility 
or quantity to allow ,a hard conclusion. 
Ii. 
Cech and Hearst 19759 using an even more mathematically 
rigorous analysis, concluded that Mouse showed a clustered 
distribution by using Method 1 and 2, but were not willing to 
differentiate between Model 3 and 4. 
A number of serious criticisms may be raised against such 
experiments. Firstly the electron microscope does not visualize 
hairpins smaller than 50-100 N.P. Secondly collection and analysis 
of electron microscope data is tedious said often provides unrepresentative 
samples. For exaanple,assortment of long, primarily single strand 
molecules, into single and double strand regions is difficult and 
duplexes may therefore be under-represented. Thirdly HAP chroma-
tography of high molecular weight DNA is made unreliable by non 
specific binding of DNA leading to non reproducible results. This 
considerably reduces the yield of high molecular weight molecules. 
For example Schmid et al 1975  show, in 2 experiments, a single 22 Kb 
DNA sample from D. melanogaster yielded 19% and 30% foldbaok DNA. 
Fourthly the observed distribution of hairpins does not necessarily 
reflect the true distribution. Kinetic and thermodynamic factors 
may well favour the formation of long duplexes at the expense of 
short and may also hinder the formation of highly clustered structures. 
In general the mathematical treatment of the problem has far 
exceeded the quality of the experiments. The actual spacing of 
hairpins and the mature of this spacing, as yet, remains unresolved. 
14. 
J . 
v. 	 The match of the hairpin duplex 
The apparent degree of matching of the duplex within the hair-
pin depends on the size of DNA fragments. This has caused much 
confusion in the literature. Wilson and Thomas 1974 reported that 
Mouse and Human foldback DNA, 0.6 Kb in length melted with no 
detectable difference in melting temperature 	between it and 
total undenatured DNA (4 T 	0). This was similar to the results 
of Banner 1975, for mouse • Schmid and Deininger 1975, found that 
Human foldback DNA isolated at 40 Kb., showed a sharp melt with a 
of 120. The gradual worsening of the match of the duplex with 
increasing size is well documented by Schmid et al 1975. 
D. melanogaster foldback DNA isolated from 0,5 Kb DNA showed a 
P of 5 and at 22 Kb a 1002 Tm•  A corresponding decrease in 
sharpness of melt was also noted. Wilson and Thomas 1974 showed 
that there is little or no effect of single strand tails on the 
melting profile. 
The data available so far is compatible with the hypothesis that 
closely spaced intrastrand homologies are more related than distantly 
spaced homologies. This hypothesis also explains the increasing yield 
of Si resistant duplex with increasing molecular weight, noted by 
Cech and Hearst 19759 
16. 
vi. 	The nature of the sequences in the hairpin duplex 
Treatment of the loop of hairpin structures, with single strand 
specific nucleases, enables the two duplex strands to reassociate 
bimoleoularly-. Conventional driver/tracer reassociation, using 
labelled trace hairpin material so produced, was used by Schmid 
et a]. 1975 to show that hairpin duplex DNA in D. inelanogaster was 
enriched in middle repetitive (NR) sequences at the expense of 
single copy (Sc) sequences (12% MR, 70% SC for total DNA, 28% M9 
44% SC for foldbaok duplexes). A number of objections may be 
raised against these experiments. The tracer was not of known 
size and this may account for the slower reaseociation rate, if it 
were smaller than the total DNA tracer. The extent of mismatoh on 
the rate of reassociation (Southern 1971) may also cause a marked 
slowing of the reaction. Indeed directly analagoua experiments 
with Human DNA. showed no such enrichment (Schmid and Deininger 19759 
Dott et al 1975). 
It is probable that reassooiation techniques alone cannot give 
accurate information as to the nature of the duplex sequence. 
The existence of up to 20% of nuclease resistant turn round regions 
in the total foldbaok DNA hairpins also renders this problem 
intractable • Direct sequencing and restriction endonuol ease 
study should prove more rewarding. 
1/. 
vii. 	DNA sequences adjacent to foldback hairpins 
Foldback DNA is associated with all kinetic classes of DNA 
sequence. Driver/trace experiments using the single strand tails 
of hairpins as the trace component in D. melanogaster (Schmid et al 
1975), Human (Schmid and Deininger 1975) and Xenopus (Davidson et a]. 
1973) showed no enrichment for any kihetic class 
On the other hand Wilson and Thomas 1974, from the results of 
filter reassociation, suggested that foldback DNA was located at 
discrete locations within repetitive DNA classes in Mouse L- ce1]J, 
Penman et a]. 1976, using solution reassociation,showed that while 
only 10% of DNA was associated with 3,5 Kb foldbaok DNA from Xenopua, 
this 10% contained all single copy sequences present in the organism. 
Their conclusion was that the location of foldback DNA hairpins was 
truly random i.e. not fixed from cell to cell. A possible 
alternative explanation is given in section V A. It seems likely 
that the experiment of Wilson and Thomas 1974 may be explained by a 
limited degree of bimolecular reassociating, repetitive DNA present 
as a contaminant. The experiments of Penman et a]. 1976 represent 
a challenge to current thinking about the eukaryote genome and are 
dealt with at greater length in sections V A and B. 
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SECTION Cr 	PROKARYOTIC HAIRPIN SEJENCES 
I have argued in section I B that the similarities between 
eukaryotic and prokaryotic hairpin structures may be illusory. 
However it is clear that prokaryotic hairpin sequences may provide 
a paradigne for the biological function of eukaryotio sequences. 
Prokaryotes, as will be illustrated below, contain DNA sequences 
whose function is to catalyse their own integration and excision. 
Such a sequence function is unprecedented in eukaryotes. Further-
more such sequences can form a stable association with other, 
unrelated sequences and cause the trans location of the whole complex. 
Hairpin structures are closely associated with,or identical to, such 
sequences. In addition it is evident that the experimental 
approaches utilized by workers in this field are distinct from those 
used in eukary-otic work, and could be duplicated and used to great 
advantage. 
Hairpin sequences have been identified in a number of B. coli 
episomes including F primes (Sharp et al 1972) and R plasmids (Sharp 
et al 1973).  The hairpins have been shown in at least 6 cases, to 
be located at the junction of DNA molecules that have been integrated 
into the parent plasmid (Hu et al 1975 A, B). The implication is 
that the hairpin sequence is a signal of a site of integration either 
of F into chromosomel DNA locations to form an H fr, with subsequent 
excision to form an F prime (Hu at a]. 1975 B) or at the joint of the 
resistance transfer factor DNA (RTF) with the resistance determinant 
(R— determinant) (Ptasbne and Cohen 1975). The hairpin could also 
function as a site of recombination between whole R plasmida 
(Kopecho and Cohen 1975). A similar relationship occurs in the Cr 
loop region Inversion in phage 1'u (Couturier 1976). Inversion is 
spontaneous and occurs round an inverted repeat (lieu and Davidson 
1972, 1974). 
The hairpins in the plasmids mentioned above have all been 
shown to be homologous with one of the 3 known insertion sequences 
ISI, 1S2 (Hirsch et al 1972) and 1S3 (Ma1ar eta]. 1972). 
The 3 insertion sequences are non homologous (Fiandt et al 
1972) and show some interesting properties. Firstly they can 
occur at random sites within chromosomal and episomal DNA (Saedler 
and Heisa 1973). Secondly insertion of an IS causes loss of gene 
function, or constitutive expression, of the particular gene at the 
site of integration. In the case of 152 loss of gene function or 
constitutive expression was dependent on the orientation of the 
IS DNA. (Saedler et al 1974).  The evidence favours the existence 
of a powerful operator in 1S2 that 'in line' causes constitutive 
expression and 'out of line', turn off of gene activity. Thirdly 
the IS all show large (0.8 - 1.4 Kb) hairpin structures in their 
DNA (Hirsch et al 1972,  Malamy et a]. 1972). The implication of 
these experiments is that there exists in prokaryotio DNA, a class 
of molecules whose function is to catalyse DNA transposition. 
Further evidence for this view has recently become available with 
the isolation of the so called transposona. Pranaposons are email 
fragments of DNA (between 5 and 8 Kb) that carry a single N deter-
minant and some additional DNA. At least 4 such are known, an 
ampioilhin resistance specifying (Tn A) (Heffron et al 1975 A, 3), 
2 Kanamyoin types, Kan 1 and Kan 3 (Berg it al  1975) and a Tetre..-
oyclin determinant re-iD (Kleckner et a]. 1975). The additional 
DNA in 3 cases showed prominent hairpin structures (Tn A, Kan-1 9  
TO-10) 1, but Ken 3 and an additional chloramphenicol type (Gottesman 
and Rosner quoted in Kleckner et a]. 1975)  do not show this feature. 
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There is a strong, but not yet proven, implication that the hairpins 
are due to one or more of the IS. 
The mechanism of transposition of the IS is not clear. In MU 
phage Allot and Bukhari 1975, have shown that the G loop controls its 
own inversion and there is evidence reported that transposons may be 
similar in this respect (quoted in Kolata 1976 and Saunders 1976). 
The recent isolation of 151 and 1S2 DNA in pure form by Schmidt et 
al 1976 may clarify this. 
The attractions of an inverted repeat orientation for sites of 
recombination have been argued by Adelberg & Bergquist 1972 
independently of the above work. Location of putative recombination 
sequences in two possible orientations relative to each other would 
allow stabilization or mobilization of the DNA between the sequences. 
This is the postulated mechanism of stabilization of Hfra or production 
of F primes. Furthermore all the events described above have been 
shown to be Rec independent and it must be presumed that the 
'recombination sequences' code for a protein that controls their own 
excision and integration. Remarkab].y, a direet.analogy to such 
sequences has been genetically defined in two well mapped eu]aryotio 
genomes - Maize and Drosophila. In Maize, McClintock has been able 
to identify a 'controlling element' that bears many similarities to 
an IS (McClintock 1956 9 reviewed by Fincham and Sastry 1974) and 
Green 1967, 1969 has shown a similar system to be present in 
Drosophila. 
The experimental techniques used in the prokaryotic experiments 
alone were in all cases similar. Cloning, via a naturally derived 
transducing phage, normally Lambda or P22 9 of relevant sequences, 
enabled a fine dissection of the behaviour of IS to be achieved. 
It is mW contention that similar techniques may be utilized in the 
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eukaryotic case, using artificially constructed chimerical phage 
as the cloning vectors. The genetic data is not yet available to 
complement this approach, but all eukaryotic molecular biology 
suffers from this objection. Work to be reported in Chapter III, 
demonstrates that such a procedure is technically possible and has 
already yielded data, albeit unexpected. 
SECTION E 	FUNCTIONS FOR EUKARYOTIC HAIRPINS 
i. 	 Theoretical studies 
The hairpin structure in DNA proved irresistible to the more 
speculative theoretician even before it was established that such 
sequences existed in eukaryotes or prokaryotes • A number of workers 
have considered the possible functions and properties of hairpin 
structures in DNA both prior and subsequent to experimental verification 
of their existence. 
Platt 1955 and Schwartz 1958 both suggested that the majority 
of DNA in chromosomes resides as large single chain double helicee. 
Gierer 1966 argued that the oruoifonn structures (i.e, double hair- 
pins) could be of importance in operator/protein effector interactions. 
Sobel (1972 , 1973A9 B) followed this hypothesis and argued that 
tetrameric protein control molecules could most easily interact with 
cruciform structures in DNA, since these could provide the necessary 
4 identical or pseudo-identical sites for DNA/protein interaction. 
On this concept he drew up models for recoinbination, DNA replication 
restriction and modification and chromosomal architecture. His 
prediction that the symmetrical sequences in the Lac operator 
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(Gilbert and M.mjn 1973) would loop out to form a cruciform to 
enable interaction with the tetrameric Lao repressor, has however, 
been elegantly disproved by Steitz et al 1974 and Wang et a). 1974. 
Zipser and Gibbs 1975, looked at the consequences of mispair 
correction In the cruciform structure, alternating with conventional 
double stranded correotion.They proposed this as a method of 
generation of variable sequences - the kind likely to occur in the 
irnmunoglobuiin genes. 
Wallace and Kass 1976 claimed that inverted repeats could be 
due to the presence of RNA polymerase terminator sequences both in 
the sense and non sense strand, to protect against transcription of 
the non sense strand. This would result in an inverted copy of the 
terminator being adjacent to, and homologous with, the terminator in 
the same strand.. 
Cavalier-Smith 19749 1975 postulated inverted repeats at the ends 
of chromosomes to enable replication of the terminus • Modified by 
Bateman 1975 this theory has generated much interest, in particular 
with respect to Ad.eno virus (see section IR ii). However Cavalier-
Smith 1975 accepts that this function cannot account for the bulk of 
the hairpin sequences found. 
A general criticism may be raised against all these theories. 
No data is presented by these authors to support their models and 
furthermore the complexity of some models (particularly Sobela') 
renders experimental verification extremely hard or impossible. 
22. 
23. 
ii. 	 Experimental studies 
Several lines of evidence can be advanced to show that hairpin 
structures are not products of random DNA sequence homology. Gralla 
and Delisi 1974 indicated that simulated in a computer RNA molecules 
up to 140 nucleotides in length have a mean value of 50% of nucleo-
tides involved in base pair formation. However Ricard and Salser 
1975, using random co-polymers generated by polyimoleotide 
phosphorylase, were able to show that such base pairing was badly 
mismatched and of very low stability. Extrapolation of these data 
to DNA is problematical, but as a first approximation .BNA and single strand 
DNA may be considered identical • If this assumption is accepted then 
the size and stability of the I oldback molecules in DNA does not allow 
an origin of random sequence homology. Mathematical estimates of 
homology of twofold symmetries to random DNA sequences has been 
undertaken by Brezinaki 1975. Calculation of probable chance 
homologies to the shortest hairpin structures (300 N.P.) indicated 
a vanishingly low probability of such an occurrence (N.J. Hanscomb 
and own unpub. data). 
The structure of the Lao operator has been shown to posess near 
perfect two fold symmetry extending to a total length of 21 N.P. 
(Gilbert and Maxam 1973). Similarly the left lambda operator (OL) 
contains 3 possible symmetries of between 25 and 35 N.P. (Maniatis 
et al 1974). Sekiya and Khorana 1974 have shown a similar structure 
for the putative operator of the Tyrosine t RNL gene. A number of 
DNA phage operators have also been shown to posess two fold symmetries. 
In eukar'yotes similar control sequences have yet to be identified. 
Proudfoot and Brownlee 1974 have shown a striking conservation of 
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sequence between the 3 termini of rabbit globin and mouse immuno- 
globin in RNA, which occurs round a point of two fold symmetry. 
If these facts are combined with the observation that all 
the known sites of action of the class II restriction enzymes show'  
2-fold symmetry (Boyer 1974) then it becomes an attractive idea to 
see foldback DNA symmetries as points of protein interaction. How-
ever, the considerable difference in sizes between the known protein 
interaction sites (considerably less than 50 H.P.) and the foldback 
symmetries (300 to 6000 H.P.) makes this idea less terble. 
Jelinek and Darnell 1972 have shown that 3-5% of En RN& is in 
the form of double strand RRL (de fiNk). do fiNk has been shown by 
INLoes and Kaplan 1973 to inhibit initiation of protein synthesis and 
there authors argued that do ]RNA may well represent a control sequence 
at this level. It is necessary to investigate the possible 
relationship of do fiNk to the DNA that codes for this fraction. 
Nelli et al 1975 showed that da RNA from HeLa cell En fiNk was 
homologous to discrete density classes of DNA and is therefore likely 
to be derived from repetitive DNA families. Ryskov et al 1973 have 
sbown. that the do- RNA hybridizes with high efficiency to foldback 
DNA from Ehrlich carcinoma cells. No control hybridization of do RNA 
to total DNA was included in this study and if the repetitive DNA 
origin of the do fiNk, indicated by Melli et al 1975, is considered, 
then a low level of bimolecular, repetitive DNA reassociation 
contaminating the foldbaok DNA fraction could readily account for 
this result. It remains possible that some foldbaok DNA sequences 
are indeed homologous to do fiNk sequences, but again the small size 
of the do RNA hairpins (30-150 H.P., Jelinek and Darnell 1972, 
Ryskov et al 1973) and the larger size of the foldback hairpins, 
argues against a direct relationship. 
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Adeno virus has provided interesting infornation on some fold-
back classes. Garron et a]. 1972 and Wolfson and Dressier 1972, 
have shown that Adeno 1, 2 9 39, 79 8 and 31 all poseas an inverted 
repeat located terminally. This has been shown to be between 40-
100 nucleotides in length (Roberts et a]. 1974, Berne and Kelly 1974) 
and to be intimately connected with DNA replication (Straus et al 
1976). Most remarkably there is a direct correlation between the 
length of terminal inverted repeat and oncogenicity, the shortest 
being non oncogenic, the largest highly so (Garron et al 1972). 
Work by Karrer and Gall 1976 and Engberg et a]. 1976 on the 
ribosomal DNA (r DNA) of Tetrahymena Pyrifonnis has shown that the 
macronuolear r DNA is in the form of giant foldback sequences some 
20 Kb in length. The r DNA in this organism is episomal and it is 
an attractive idea that the symmetry is the product of the 
amplification or excision process. However, no evidence is directly 
available but this view is backed up by the work of Wesley 1975 on 
the hypotriohous ciliates Oxvtrichia3Euplotea and Paraurostyla. 
The macronuolear DNA in these animals is small (3 Kb) and greater 
than 89% contain terminal inverted repeats. - (The macronuolear DNA 
is an amplified copy of all or part of the micronuc].ear DNA, produced 
subsequent to conjugation). Tetrahymena however does not show this 
organization of its macronuclear DNA and It is also exceptional in 
that Its DNA. is very much larger. 
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iii. 	 A conclusion 
The survey above has shown that in a number of cases there 
exists .a close association of large scale two fold symmetry of DNA 
sequence with DNA that is undergoing one or both of two processes - 
differential replication and amplification or excision from 
surrounding DNA and possible re-integration. This holds true for 
both eukaryotic and prokaryotic sequences. There is as yet no 
connection between the bulk of such sequences isolated from 
eukaryotes and the particular examples quoted above. It is this 
lack of connecting evidence which inhibits useful speculation. 
However it is my contention that the concepts and experimental 
techniques utilized by workers in the prokaryotic field, as 
documented above, may be applied to the bulk of foldbaok DNA 
fractions and that the connecting evidence is now experimentally as 
opposed to ooncepially, approachable. 
CHAPTER TWO 
MATERIALS AND METHODS 
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II 	 MATER IA 1$ AND METHODS 
A. MATERIALS 
All chemicals used were analytical reagent grade unless otherwise 
stated in the text. 
Electrophoresis grade Agarose was purchased from Sigma Chemical Co. 
All Radi.00heinicals were purchased from the Radiochical Centre, 
Amarsham, 
Polyethylene Glyool 6000 9 was purchased from British Drug Houses 
Ltd., Poole. 
99 Formamide was purchased from Matheson Coln and Bell, 
Norwood, Ohio, U.S.A., or from B.DJ. Ltd. Pbole, 
B. MEMODS 
1. Echinus Esculantus 
Specimens 
Echinus eaculentus were obtained from the University Marine 
Biological Research Station ,Miilport, Isle of Cuxnbrae, Scotland, 
and were transported in sea water. 
Specimens were stored in artificial sea water at 40C. The 
artificial sea water of Horstadius-Thalasoewicz was used comprising:- 
NaC1 25.17 sns 
ICC1 0.65 gms 
CaC12 	2° 1.44 gms 
?4gC1• 6fl20 5.78 sus 
Mg504. 7H20 4.53 gns 
NaCO3 0.20 gms 
water to I litre, pH adjusted to 8.0 with NaOH. 
ii. Echinus Esculentus DNA preparations 
Sperm DNA 
Individual sea urchins were shed by injection of 5 mis 0.514 IM1 
and the sperm collected into sea water. The sperm were then washed 
twice with 0.15M NaCl 
0.114 EjYPA, pH 10.5 
and then lysed by dropwise addition of sperm 1 aocompanied by vigorous 




1.0% SDS 	pH 10.5 
Proriase (Hotta and Bassel 1965) was added to 100 p.na per ml and 
incubation allowed to proceed overnight at 50°C. The DNA was then 
purified by routine procedures of Phenol extraction, Chloroform  
Ootanol (24:1 v/v) extraction and Ethanol precipitation. No RNâao 
incubation was deemed unnecessary due to low RNA content of sperm. 
Tube Foot DNA 
Tube feet from individual sea urchins were cut off and separated 
from shell debris by agitation and 'panning' • They were then washed 
twice with: 
0.5)1 NaCl 
10mM Trio pH 8.0 
and resuspended in 10 mis of:- 0.15)1 NaCl 
0.1)1 EDTA pH 10.4 
The tube feet were then disrupted by homogenization, strained 
through nylon nosh and the homogenate heated to 600C. Proxae 
(Hotta and Bassel 1965) was then added to 400 pan per ml and the 
solution made 1% with SDS and incubated overnight at 37
0C.DN& was 
then purified by extraction twice with an equal volume of phenol 
chloroform and twice with chloroform. 1/10 volume of 5.C*( NaC1 
was added and the DNA precipitated and spooled from 70% Ethanol. 
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The spool was dehydrated with 70%9, 80% 9 90% and 100% Ethanol washes, 
dissolved up a purified by routine proceedings of RNAse, Pronase, 
Phenol and Chloroform/Ootanol treatments • Yields were of the order 
of 1 mg per sea urchin. 
Intestinal DNA 
Intestines from a single sea urchin were out out and perfused 
thoroughly with artificial sea water and then 0.5)1 NaC1 10mM Trio 
pH 8.0. The intestines were then homogenised, filtered and purified 
as for tube foot DNA. Yields were approximately 1 mg per sea urchin. 
iii. Restriction Enzymes 
Eco RI and mind III were gifts of B.A • Smith. 
Ava I was a gift of K • Murray. 
Reaction Conditions 
Eco RI and Ave. I digests were performed in:- 
l0xx4 Trio EC1 	pH 7.5 
10mM MgC].2 
10mM 2 Meroaptoethanol 
100mM NaCl 
Hind III digests were perfoind in the sane buffer containing only 
30. 
50mM NaCl. 
For Lambda phage icligestion3 , 10)11 reaction volumes were used, 
contafnig approximately 0.5 )igni of phage DNA and 1 unit of restriction 
enzyme. Digestion was for 20' at 37°C. 
For eukaryotic DNA digestions, between 50 and 100 pinn of DNA 
in 100j11 reaction volume were digested( by 10 units of RI or Hind 
III, for 17 hours at 37°C. 
In the above, 1 unit of restriction enzyme is defined as that 
amount of enzyme that will digest I igm of unmodified Lambda DNA, 
in 10,u2 reaction volume, to completion in 30 minutes. 
iv. Agarose Gel Electrophoresis 
Agarose gel electrophoresis was performed essentially as 
described by Cooke (19749 1975). However Ethidium Bromide was 
omitted from the gel and running buffer. Gels were instead 
stained, after completion of the run, in 0.5 )i970/ml, Ethidium 
Bromide. 
Loading of gels was 4-5 	ia of eukaryotio restricted DNA. per 
2cm x 0.4cm gel slot and loading volume was 30)11 of 2% Glycerol. 
Orange G was included as a front marker. 0.7 cm x 0.4cm gel slots 
were used for Lambda anslysis, loading a maximum of 0.5 P8M  of DNA 
in 10 p1. of 2% Glycerol. 
Running conditions were optimized at 1 volt per cm and runs 
were allowed to proceed overnight (17 hours). 
Ultraviolet induced fluorescence of the Ethidium Bromide/DNA 
complex was photographed on Ilford FP4 through a red (Hoyar 25L) 
filter. Development was in Kodak D76 for 15 minutes. 
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v. dmA preparation 
cRNL was prepared by a modification of the method of Gall Aud 
Pardue 1971. 
1 	of template DNA was transcribed by 2 units of RNA poly- 
merase Holoenzyme (Bobringer Mannheim) in a 20 pl reaction volume 
consisting of:- 
25 1Ci 	32P labelled NTP 
0.5mM each cold NW 
0.14mM 2-Mercaptoetbanol 
32mM This pH 7.9 
150mM XC]. 
4.6mM MgC12 
70 )IM EDT& 
6.25mM Mud 2 
32 P Nucleotide Thiphosphates were used at specific activities 
of between 100-150 ni per m mole. 
The reaction was allowed to proceed for 45 nina. at 37°C and 
then 1 	of DNAse I (Sigma, Eleotrophoretically pure) added and 
incubation continued for a further 15 nina • The reaction was then 
stopped by addition of 20 1i3. of S.P. Sephadex buffer:- 
0.3M NaCl 
0.1% SIDS 
30mM NaOAo pH 4.5 with Acetic acid 
The unreacted nucleotide triphosphates were then removed by chroma-
tography on 1 ml SP 50 Sephadex columns equilibrated with SP 
Sephadex buffer. one round of chromatography was sufficient to 
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give 95-100% acid preoipitable products. 
On acme occasions Phenol extraction was performed prior to 
SP 50 chromatography but no change in stability of CRN&, nor its 
ability to hybridize to DNA was noted if this extraction was 
omitted. 
Yields of oRN& were of the order of 100 nna with a specific 
activity of approximately 1.5x10 8 cpm per pgni, for a single 32  P 
nucleotide label, oRNA was stored at -20 ° in the SP Sephadex 
buffer and used as soon after manufacture as possible. It was 
stable for at least 1 month under these conditions. 
vi. Transfer Hybridizations 
Transfer of DN& from Agarose gel strips (0.8-2.0%) to cellulose 
nitrate filter stripe (Millipore HAWP) was carried out as described 
by Southern (1975 B). 
Whole gel slabs were tranafered simultaneously to a single 
cellulose nitrate sheet using a minor modification of this technique, 
involving elimintion of the air gap between the cellulose nitrate 
and the top stack of filter papers. Transfer was complete after 20 
hours, using 0.8% Agarose gels, 4 mm thick. For transfers involving 
chimerical Lambda bacteriophage the gel in this system was allowed to 
undergo considerable compression, by elimination of the perepex side 
supports • 3 hour transfers allowed extremely high resolution to be 
achieved but transfer was incomplete. For some experiments this 
would be a grave disadvantage, but the increase in resolution was 
marked. 
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Hybridization with the appropriate cENA's were performed in 
2xSSC, 0.1% SDS at 650c either as described by Southern 1975B or 
by containing the hybridizing filter and 1 ml cRN& in 2xSSC, 0.1% 
SDS in a 20/32" dialysis membrane (viaking), dialysing against 2 
litres of 2xSSC, 0.1% SDS at 650C. (R. West personal communication). 
It was found advantageous to rotate the dialysis tubing around the 
short axis of the tubing, to ensure complete mixing of the probe 
with the filters. 
In addition %hole cellulose nitrate sheets were hybridized by 
inserting them into a 100 ml measuring cylinder with 2 mis of 
hybridizing solution and rotating the measuring cylinder round its 
long axis (N. Arnheim personal communication). 
After hybridization the filters were washed briefly in 1 litre 
of 2xSSC, 0.1% SDS and then for up to 10 hours in 2 litres of the 
same solution. The filters were then dried and autorad.iographed 
as described below. 
Autoradiography was performed using Kodak Blue Brand X-ray 
film and standard development conditions. 
In some experiments image intensification screens were used 
(Laskey R.L. and Mills A.D., pers. comm.). 
Ilford Past Tungatate X-ray intensification screens were used 
for this and flash sensitized Kodak Royal RP X-Omat (Laskey and 
Mills 1975). The screen was placed in contact with the film and 
the film in contact with the millipore strips and clamped in place. 
Expose was allowed to proceed at -700C for the appropriate period. 
Exposure was up to 8x more rapid for 32 P and 15x for 1251. 
Development was as standard. 
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Growth of Bacteriophage Lambda 
The methods for preparing and plating phage stocks, assaying 
phage and preparing large scale phage lysates were as described by 
Murray at al 1973 and Murray and Murray 1975. Phage were prepared 
from clarified lysatea by Polyethylene Glycol 6000 precipitation as 
described by Yamamoto and Alberta 1970. The clarified ].yaate was 
made 0,5?! in NaCl and Polyethylene Glycol 6000 added to 10% (w/v). 
This was dissolved with vigorous shaking and allowed to sit at 4 °C 
for not less than 1 hour, The precipitate was then spun down at 
3000 g for 10 min • and dissolved up in phage buffer (Murray and 
Murray 1975). 
Preparation of DNA from Bacteriophage lambda 
Phage prepared as described were incubated for 2 hours at 370 
with 40 pgm per ml of DNAse I and 40 igm per ml of ENAse A (Worthington). 
The pbage were then extracted once with an equal volume of freshly 
distilled water saturated Phenoland once with Chloroform Octanol 
(24:1 v/v). Between 0,5 and 1,0 gms of CsC1 (Merck) were then added 
to the DNA solution and dissolved up by vigorous vortexing. The 
resulting solution was then spun at 2000 rpm in an MSE bench 
centrifuge for 10 ama, A small pellet of Polyethylene Glycol 
becomes visible and sometimes a pellicle of protein floating on the 
surface, The CsCl solution is carefully removed, without 
disturbing either pellet or pellicle and 3 volumes of 70% Ethanol 
added to it. The resulting DNA precipitate is spooled out and 
dissolved up in a small 'volume of distilled water. 
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DNA made by this procedure was satisfactory as a template for 
RNA polymerase, DNA po].yrnerase i (Nick translation, Maniatis et a.1 
1974). T4 ligase and a number of Type II restriction enzymes. 
Further it was free of nicks and double strand breaks and was 
adequate for both single and double strand electronmicroacope 
visualization. It showed a high efficiency in transfection 
experiments. 
Omission of the CsCl spin resulted in DNA that was highly 
refectory to restriction. 
Yield using this procedure were at least 50% of theoretical 
maximum. The procedure is extremely rapid, requires very limited 
equipment and is generally more convenient than conventional 
isolation procedures. 
ix. Electron Microscopy and Sample Preparation 
Samples were prepared essentially according to the method of 
Davis et al 1971. 
The hy-perphase used -was 50% Formamide 0.0114 Trio, laM EDT& 
PH 8.5. The hypop1se was 20% Formamide, 0.0114 Tris, laM EDT& 
PH 8.5. The DNA was picked up on 2% Parlodian, Copper grids, stained 
in Uranyl Acetate and shadowed with Platinum at a shadow angle of 80. 
To obtain maximum single/double strand DNA discrimination two 
procedures were used. Firstly a pH 9.4 Carbonate/ Bicarbonate 
buffer system was substituted for Tris in the above procedure 
(Wolfson and Dressier 1972). Secondly a standard hyperphase was 
spread onto a distilled water hypophase. Both these procedures 
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gave excellent single/double strand discrimination but overall 
DNA/background contrast was low. 
All electronmicro graphs were taken on a Phillips EM300  micro-
scope at a magnification of x25,700. Measurement of lengths of 
molecules were made by magnification a further x32, tracing and use 
of a map measurer to produce contour lengths. Molecular lengths 
were calibrated relative to PM2 double strand circles and d single 
strand circles, 
x. Lambda Heteroduplex Formation 
0.1 p&n of chimerical pbage and 0.1 pgm of vector phage were 
denatured in 10 zl of 0.02!'! Na4 EDT&, 0.1 N NaOH, for 5 pins, at 
room temperature, The solution was then neutralized with 1 )il 
of 0.1 N Tris, 0.01 N EDT& pH 8.5 and la]. of 1.0 NRC].. 	99% 
Pormamide (Matheson Coleman and Bell) was then added to give a 
final concentration of 50% (v/v). Reassociation was allowed to 
proceed at 
370 
 for 10-20 minutes and the reaction mix placed on 
ice. 2 1il of this solution were then added to a hyperphaae of 
50 )11 and spread as described. 
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CHAPTER THREE 
THE ISOLATION OF LAMBDA 
CHIMERAS CONTAINING FOLDBACK 
DNA SEQUENCES FROM ECILLrWS 
ESCUI.ENTUS 
FIGURE 2 
The Lambda 607 vector molecule. Wild type Lambda 
co—ordinates are included. Expanded portions indicate some 
of the genetic features deleted or substituted. 
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1. 	 Introduction 
The following is a description of the isolation and characterization 
of 2 chimerical Lambda phage contain E.esculenbm DN& fragnente that show 
intrastrand sequence homology. 
It is now accepted that a degree of danger may be associated with 
the molecular cloning of DNA fragments (see section III A iii). It is 
pertinent to justify the benefits of this approach as opposed to 
conventional techniques. I have argued in section ID that kinetic 
isolation of foldback DNA yields mixed products, bard to characterize 
physically and difficult to use as a specific probe. The cloning of a 
foldbaok DNA sequence gives a pure and specific probe. It thus gives 
credibility to structural analysis as this can be carried out on many 
identical molecules rather than the mixed population of about 10 5 
different molecules isolated from total DNA. 
ii. 	 Vector properties 
Lambda 607 is a strain produced by N. Murray. It is 16% smaller 
than wild type Lambda, derived by use of the B538 deletion (16%) and 
substitution of imm434 for iinn?' (2% deletion). It contains a single 
Eco IU site within the C 1 structural gene region (see figure 2). The 
C1 gene product of Lambda controls lysogeny by repression of mRNA 
production from the left and right promotora 	and R° 
 Chimerical 
Lambda containing a DNA inserted at the RI site, therefore lack 
C1 protein and are incapable of lysogenic infection. This enables 
such phage to be distinguished by plaque morphology. A clear 
plaque is indicative of a purely ].ytic phage, whereas a turbid plaque 
indicates lysogenic infection. 
Lambda 607 is recombinationally active both exo and /2 from the 
Red locus being present, but the B538 deletion removes both att and 
mt which are required for successful integration of Lambda into the 
chromosomal DNA of the host coli. 
The host E. co].i used in all these experiments was a derivative 
of Coil K 12, strain 803 carrying the supressor Su III. It is 
L1 M.1 (x restriction and modification) but is full recombinationally 
active (Rea A Rea BC +). 
iii. 	 Biohazard containment 
All experiments involving growth of chimerical Lambda, both in 
liquid and on solid media, were performed in negative pressure 
laboratories with full precautions against escape of, or self 
contamination by, experimental nterial. 
The level of physical containment was equivalent to Grade II or 
Grade III of the British guidelines (Note 1) or N.I.H. grade P2 or 
P3 (Note 2). The vector was not disabled under the British 
definition, ilK I of the N.I.H. guidelines. Suggested levels of 
containment for this experiment were Grade II for the British guide.. 
lines, P2 ilK I for the N.I.H. 
39. 
Notes 
Note (1) Report of the working party on the practice of Genetic 
Manipulation. Cmnd 6600, BNSO. 
(2) NIH Guidelines for research involving recombinant DNA 
Molecules, June 1976. 
iv. Preparation of Lambda E. esculentus Chimeras 
All the work in this section was performed by E.M. Southern o 
K. Murray, Detailed accreditation is given in the text, 
Two fractions of an RI digest of sperm ]DNA fran a single 
E. esculentus were used, fraction I 6.6-5.95 Kb with peak 
distribution at 6.15 Kb and fraction II 7.3-6.6 Kb with peak at 
6.95 Kb. These two fractions had been shown by E.M. Southern to 
contain the Histone DNA repeats in this organism. B. esoulentue 
No. E2 was used as the DNA source (Chapter IV). The fractions were 
isolated by preparative gel electrophoresis (Southern pera, comm.) 
and passaged through CaC1 gradients which removed contaminants that 
reduced the level of transfection. 
Ligation of the RI B. esculentus franents into the Lambda 607 
vector chromosome was performed by K. Murray, using standard ligation 
procedures (Murray and Murray 1974). The ligated DNA was tranafeote& 
into B, coil 803 Su III as detailed in Murray and Murray 1974. 500 
chimerical phage, identified by plaque morphology as described in 
section III A ii, were picked and plated out. 300 from fraction I 
and 200 from fraction II were used in the subsequent studies. 
40. 
PIATZ 
5 heteroduplexee selected from a sample of 
500 ohinraa, pooled and heteroduplexed together. 
Short regions of duplex DNA are visible (arrowed) 
within the cloned B. eaculentue DN&, visible as 
single strand double loops. 
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v. 	500 Chimeras as a mini genome 
Before it was possible to begin the study of individual cloned 
DNAa, it was desirable to measure the proportion of the clones containing 
hairpin structures. A pooled sample of all 500 chimeras available 
was made, grown up and DNA prepared (section II B vii and 'viii). 
1 pgm of the DNA from this pool was denatured and reassociated as 
described in section II.B.X. This was then spread and observed in 
the electron microscope (section II B ix). The probability of forming 
homoduplex molecules from the two strands of one chimera is (1/500) 2 
and therefore the majority of duplexes show two single strand loops 
of inserted DNA (Plate 1). 53 heteroduplexes were analysed for 
secondary structure in the single strand loops • 20 (18.5%) of single 
strand loops showed putative structure. Of these 25% had looped 
hairpins (as defined in section IF iii) equivalent to 4-5% of all 
cloned DNAa. 
The types of hairpin seen (Plate 1) could easily be explained in 
terms of random folding of single stranded DNA. 
The 500 chimeras of approximately 7 Kb, used in this experiment, 
represent about 0.5% of the E. esoulentus genome. The difficulty of 
identification, even within this small artificial genome, underlines 
the difficulty of using the electron microscope for the study of 
heterogeneous structures Isolated from the total DNA. 
vi. Selection and partial characterization of 10 clones 
The data in section 5 suggested that as many as 20% of chimeras 
should contain foldback DNA sequences and that a selection procedure 
for foldback containing clones was not really necessary. Nevertheless 
a positive selection procedure had been developed which was so simple 
that it was applied to a search for chimeras containing foldback DNA. 
Approximately half of each chimerical phage plaque was picked with a 
capillary tabs, blown into 20 )11 of phage buffer (Murray and Murray 
1975) and left overnight at 40C for the phage to leach out. The 
supernatant buffer was removed from each plaque and 5 p1 of 18xSSC, 
0.4 M KOK, 0.5 , a per ml of ethidiuni bromide was added. The 500 
samples were then individually spotted onto Millipore HAWP filter 
circles, using a 6x6 matrix to position samples. The ethid.1um 
bromide added to the samples showed up as pink spots on the filter. 
The filters were then washed for 1 hour in 2xSSC and baked at 80 °C 
under vacuum for 2 hours. This procedure was developed by E.M. 
Southern and a similar procedure has recently been published (Kramer 
et al 1976). It was hoped that by the inclusion of the high pH 
binding step (Gillespie 1968) reassociation of the hairpin structures 
would be prevented. 
The filters were then hybridized with 32PoRN& (specific activity 
13].08 cpa per pea) made on a template of total E. esculentus hairpin 
duplex DNA stems, made as follows. Poldback DNA was isolated by HAP 
chromatography at 60 
0
C using a continuous flow mathod. DNA was first 
sheared to 5 Kb denatured by boiling and maintained at 98°C at high 
dilution (less than 0.5 pn per ml) in 0.12 N Phosphate buffer 
pH 6.8. The solution was sucked through a 1.5 ml HAP column, 
maintained at 600C, the DNA solution passing first through a cooling 
42. 
PIAT31 2 
Results of screen procedure for foldback DNA 
sequences in cloned B. esoulentus DNA. 18 hour auto—
radiograph of 14 millipore filters containing 
individually bound samples of 500 ohuineraa. 
Hybridization is white on a dark background. The 
filter is visualised by a prior, low intensity, 
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tube, to reduce the temperature to 60 °c. At the rate of flow used 
it can be shown that the Cot reached by the DNA was less than 2xl0, 
given the dead volume of the system. The DNA binding under these 
conditions was elated with 0.3 N Phosphate buffer, pH 6.8, desalted 
by chromatography on Sephadex G50 and concentrated to 50 pgm per ml 
by evaporation. S 1 nuclease was then used to trim single strand 
tails and large turn round loops. After phenol extraction, to 
remove 5. activity, mononucleotides were removed with a further G50 
Sephadex column. S nuclease conditions were as described by Sutton 
1971, 
Foldback sterna so isolated showed low RNA polyiuerase template 
activity - $ incorporation of ribonuoleotides in the system described 
in section II B v. The 32P CRNA was hybridized to the chimera DNA 
on the filters, in 2xSSC, 0.1% SDS. Spots of hybridization were 
detected by autoradiography (Plate 2). Almost all chimeras show low 
levels of hybridization, but 12 show much higher levels than average. 
10 of these were selected for further study. 
Work to be described (section III A vii) showed that only one of 
these clones contained a foldback DNA sequence and the pattern of 
hybridization therefore requires explanation, Firstly it is possible 
that the foldback fraction was contaminated by bimolecular repetitive 
DNA, even though the Cot for reassociation was lees than 2x10 4. An 
upper limit of 5% can be placed on this (own data unpub.). Some of 
the hybridization could thus be due to repetitive DNA elements present 
in the chimeras. Secondly, and more probable, the hybridization could 
be due to homology of foldback DNA sequences in the probe to sequences 
which are not themselves foldback sequences • No other explanation is 
apparent since Southern (pers. comm.) using Hiatone mRNA found low back-
ground hybridization to the same set of DNA samples. 
43. 
PLATE 3 
Agarose gel analysis of Boo RI digests of 
0.5 jagms of chimera 1-10 • Markers are 0 • 5 ,ga 







1 2 	3 	4 5 6 	7 8 	9 10 
TABLE 1 	Sizes of insert DNA from chimeras 1-10 
Chimera 	 Insert DNA 




4 5•95 5.35 4.80 	3,65 	3.15 
5 6.00 555 445+ 
6 6.00 
7 (6.2 5.6 5.45 	4.7 	4.55) 
8 6.2 
9 (7.1 6.6 6.3 	5.7) 	
2.45 
10 (6.9 - 6.3) 6.3' 
DNA insert starting size: 
Fraction I 
	
7.3 - 6.6 Kb 
Fraction II 
	
6,6 - 5.95 Kb 
+ indicates major 'band 
( ) indicates equal intensity lands. 
Sized against EcoR! and Rind III digests of (Lambda wild) type, 
Using a numbering system for each filter, 1 at top left, 36 
at bottom right, the following chimeras were selected. 
Filter 2 10,25 Filter 4 6 9 9 910 9 25 
Filter 5 33 Filter 9 32 
Filter 11 20 Filter 14 15 
Numbers from 1-10 were allocated to each chimera, chimera 10 on 
filter 2 being 1, 15 on filter 14 being 10. 
The 10 chimeras were grown up (section II B vii-viii) and 0.5 p 
samples from each restricted with Eco RI and run on 0.8% Agarose gels 
(section II B iv). The results are displayed in plate 3 and the 
insert DNA sizes tabulated in Table 1. The inserts may be easily 
identified since they are smaller than the obvious vector A (approx. 
28 Kb) and B (approx. 10 Kb) bands. All 10 chimeras contained 
inserted DNA. It is noticeable that there is a degree of hetero-
geneity in the insert DNA and this will be discussed in section 11Th.. 
vii. Heteroduplex analysis of chimeras 1-10 
Analysis of heteroduplexes formed between the chimera and vector 
DNA was the preferred method, since this enables the inserted DNA to 
be visualized as a single stranded loop, Chimeras 1-3 and 5-10 
showed simple single strand loops, devoid of secondary structure. 
Chimera 3 illustrates this (Plate 4). 
Chimera 4 however showed several different structures present 
in its cloned DNA. Two distinct single loops were seen (Plate 5) 
the first closed by a short duplex section not donated by the vector 
44. 
PLATE 4 
Lambda 6079 chimera 3 heteroduplexea • Only 
the inserted DNA single strand loop is displayed. 
- 	 ..-..' 
3Kb 
PLATE 5 
Single strand loops seen in vector chimera 
4 heteroduplexes. Spread on a Tris, formamide 
hypophase. 
A-C Single strand loop closed at the 
lambda DNA by a duplex segment (arrowed) 
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Double loops seen in vector, chimera 4 hetero-. 
duplexea; spread on a Trio, formsmid.e hypophase. 
A t B. Double loops containing a looped hair-
pin in one single strand (arrowed). 
C, D. Double loops, devoid of structure. 
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Ava I, Eco RI double digests of chimera 
4 DNA, run on a 1% Agarose gel. 
Slot number I • 0.5 jW  of Lambda 607, with Ava I 
2 • As in 1, plus Eco RI 
3. 0.5 pn chimera 49 with Ave, I 
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4.61 - 
3.20 
(Plate 5A - C), the second devoid of any secondary structure (Plate 
5D .-:r). Double loops were also present, of two types. The first, 
and commonest, devoid of secondary structure (Plate 6 C and D), the 
second containing a short looped hairpin toward the end of one of the 
loops (Plate 6A and B). Frequencies of occurrence were single loops, 
unstructured 14%, single loops, structured 43%, double loops 
unstructured 40%, double loops structured 1% and 3% of all molecules 
unidentifiable. Percentages refer to percent of heteroduplexes 
containing the appropriate structure. 
The presence of double loop structures indicated that Chimera 
4 must contain at least 2 non homologous inserted DN&s. This was 
unexpected since single plaques, produced by transfeotion of the 
ligase reaction, had been picked. However the probability of 
multiple infection by chimerical Lambda DNA of a single E. coli is 
probably higher than expected due to the presence of non competent 
Coli in the transfeotion reaction (N. Murray pers. comm.). An 
additional possibility was entertained that the insert may be 
inverted with respect to the Lambda, in approximately 50% of all 
chimerical phage. However size analysis of the two loops in each 
double loop indicated that a long loop was paired with a short loop 
more often than would be expected at random (data not presented), 
indicating that inversion would have to be accompanied by DNA loss. 
Restriction analyses of chimera 4 DNA with Ava I and Eco RI are 
shown in plate 7 and diagramatically in Figure 3A. In track 2 bands 
B and C represent fragments containing an Ava I cut at one end and an 
RI out at the other, since they are produced from band A of the Ava I 
digest of the vector DNA, upon treatment with RI. Chimera 4 DNA with 
Ava I (Track 3) shows 2 bands at 2.27 and 2. 15t(b, both of which 
disappear with subsequent RI treatment. These 2 bands must therefore 
45. 
PIGUEE 3 
Diagram of Ava I and Boo R1 double digest patterns, 
displayed in Plate 7. Sizes are given in Kilobases (i(b) 
Track I 	Lambda 607 with Ava I 
Track 2 	Lambda 607 with Ava I plus RI 
Track 3 	Chimera 4 with Ava I 










contain both Lambda DNA and insert DNA. However they must both 
come from the same end of the insert molecule since neither fragment 
is large enough to include the vector B fragment and must therefore 
both be adjacent to the Lambda C fragment. This indicates that at 
least 2 sequences must be present in chimera 4. Attempts to show 
that the 2.27 and 2. 1 b fragments were partial products of Ave, I 
digestion were not successful. In addition a large number of minor 
bands are present at high molecular weight (Plate 7) and this precludes 
construction of a general Ava I restriction map. 
It seems unlikely that an inversion mechanism could give rise to 
both the Ava I patterns and also the disparity of lengths of inserted 
DNA sizes, unless inversion is accompanied by widespread scrambling of 
restriction sites and DNA loss. This is shown in section III A viii 
not to be the case. 
viii. 	 Purification of chimera 4 
The evidence presented in section III A vii showed that chimers 
4 DNA contained at least 2 sequences. To separate the sequences 
chimera 4 stock phage were taken and plated out at au.ffioiently high 
dilution to give 10-15 plaques per plate. At this dilution the 
probability of 2 phage being close enough to form a single plaque can 
be extiinated, from the area of the plate and the area of a plaque, to 
be less than 0.003. 10 single plaques were picked at random, grown 
up and DNA prepared (section II B vii, viii). These sub-clones were 
given arbitrary identification numbers 4:]. to 4:10. Eco RI digests 
of 0.5 ja,gm of DNA were run on 0.8% Agarose gels (section II B iii and 
iv). The result is displayed in plate 8 and sizes of inserted 
46. 
PMTE 8 
1% Agaroae gel of Eco RI digests of 0.5 pgm 






















PARLE 2 	Size of RI clone DNA from the 10 sub clones 
4:1 - 4:10. Sized against Hind III and R 1 
digests of wild type Lambda DNIi. 
Sub-chimera 	 Clone size 
No. 	 Kb 
PLATE 9 
Transfer hybridizations of 0,5,Pgm  of Eco R.I 
digests of chimeras 4:1 - 4:10 DNA. 
Hybridized with 32P cR1L made against chimera 4:1 
Hybridized with 32P cRNA made against chimera 4:2 
Chimera 4 DNA is included 
41 	42 43 	44 45 	i( 	47 
	
48 49 410 
- 	 -- 
' b.4b4 	— 
6 * 
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4 	41 42 43 	44 45 46 	47 48 49 410 
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Transfer hybridizations - of 2 p,gin of Ecc RI digests 
of chimera 4:1 - 4:6 DNA. 
Hybridized with 52P cRNA made from chimera 4:1 DNA. 
Chimera 4 DNA is included. 
Hybridized with 32P eRNA made from chimera 4:2 DNA. 
Note absence of hybridization of chimera 4:4 inserted DNA. 
4 	 41 	42 	43 	44 45 	46 
tI . I uI w ., I 
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fragments are given in Table 2. The insert sizes indicate that 
chimeras 4:3, 4:5 and 4:6 are considerably smaller than the other 
7 . 
To examine sequence relationships between the inserted DNke 
2 9, o.&$ Agarose gels, containing 0.5 ,pgm quantities of RI digests 
of 4:1 - 4:10 were run and transferred to Millipore NAWP sheets 
(section II B vi). One filter sheet was then hybridized with 
50 pm Of 32poii (].x].08 cpm per pgm) made by transcribing chimera 
4*1 DNA. Hybridization was in 2 x SSc, 0.1% SDS at 65°C, for 18 
hours and was in DNA excess. The filter was washed for 2 hours in 
2 x SSC, 0.1% SDS at 650c, dried and autoradiographed overnight. 
The pattern of hybridization is shown in plate 9A. In each case 
hybridization of the vector strands is evident but only the inserted 
DNA from 4:1, 4:3, 4:5 9  4:6 and 4:8 hybridize • Thus each of these 
5 subclones must be related in sequence. 
The other filter was hybridized identically with a  from 
chimera 4:2. Results are displayed in plate 9B. In this ease 
hybridization, is only seen to the inserted DNA of 4*2, 4*79 4*9 and 
4:10. The inserted DNA of chimera 4:4 did not hybridize with either 
4:1 or 4*2 oRNA, although in both cases the vector strands hybridized. 
These experiments were repeated using wider slots (2 x 0.4 cm) with 
higher loading (2.0 ,pn) of DNA, Again inserted DNA from 434  failed 
to hybridize (Plate 10 A and B). 
These experiments indicated that at least 3 sequences are 
present in Chimera 4 insert DNA • Patterns of 4:1 and 4*2 aRIA 
hybridization to an Eco RI digest of Chimera 4 DNA were also distinct. 
4:1 shows at least 7 bands hybridizing (Plate 1A), whereas 4*2 shows 
only a single band (Plate 9B). 
470 
PlATE 11 
Transfer hybridizations of 0,5,99m  of Eco RI 
digests of chimera 4:1 - 4:10 DNA, hybridized with 
cfflA made from fraction I and fraction II 
E. esculentus DNA. Only the inserted DNA. 
hybridizes. 
41 42 	•. 




The possibility ruined that the 3 sequences represented by 
4:1, 4:2 and 4:4 inserted DNAs were the product of a scrambling 
process occurring during propagation in the phage, 80 severe that 
cross reassociation was not possible. In this case the inserted 
DNA should no longer be able to cross react with the original 
B. esculentus DNA. Therefore 32P cRNA was prepared from the 
E. esôulentus DNA used to prepare the inserts and transfers of 
chimera 4:1 - 4:10 R1 digests produced exactly as those described 
earlier in this section. The 32 P 0RNA was hybridized to the 
filters and processed and autoradiographed as in section II B vi. 
Exposure was for 2 days and the result is displayed in Plate 11. 
In each case hybridization to the inserted DNA was detected. This 
shows that the inserted DNA originated from the E. escuientus DNA 
and they were not scrambled during propagation. 
A further transfer, hybridized with 32 P cRNA made against E. coli 
DNA indicated that no E. coil DNA sequences were present in the 
chimeras (Data not presented). 
From this seriea of experiments it can be seen that chimera 
4 DNA contains 3 discrete sequences of E. esculentus DNA, which are 
not related as judged by cross reassociation. 
The discrete nature of the subolones was confirmed by Tf{v1 III 
and Eco RI double digest mapping of chimeras 4:1 - 4:10. Digests of 
chimeras 4:1, 4:2, 4:4, 4:5 and 4:6 are displayed in plate 12. The 
band pattern of plate 12 is also displayed diagrammatically in 
figure 4A. 
The Hind III and R1 restriction sites in Lambda 607 have been 
mapped (N. Murray, E.M. Southern pers. comm.). The single RI site 
has a Hind III site within 100-200 N.P. to its left and a second 
Hind III site 6 Icb to its right. The restriction pattern of Lambda 
48. 
P)ATE 12 
0.8% Agarose gel analysis of 0.5 igni of Hind III, 
Eco RI double digests of chimeras 4:1, 4:2, 4:4, 4:5 
and 4:6. 
A Hind III alone,, B Hind III plus Eco RI 
Lanes 1 = chimera 4:1 9 	Lanes 2 = chimera 4:2, 
Lanes 4 chimera 4:4, 	Lanes 5 = chimera 4:5, 
Li;nes 6 = chimera 4:6 

FIGURE 4 
Diagram of the Rind III and Eco RI digests displayed 
in Plate 12. Sizes in Kilobases. 
Track A - Hind III alone 	Track B - Hind III plus Eco R.I 
Lanes 1 - chimera 4:1. Lanes 2 - chimera 4:2, 
Lanes 4 - chimera 4:4, Lanes 5 - chimera 4:5, 
Lanes 6 - chimera 4:6. 
Left, Lambda 607 with Hind III 














—20 ___ - 
61 - ___6.'o 
405 
FIGURE 5 
Rind III and RI maps of DNA cloned in chimeras 
4:1 - 4:10. The chimera groups are indicated by 
light single, heavy single and double lines. 
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607 with Hind III and Hind Iliplus RI is displayed in figure 43. 
The rationale of analysis of chimera double digests is similar and 
chimera 4:2 provides a good example. The Hind III digest bands of 
chimera 4:2 are displayed in track 2A of figure 4A. A doublet bath 
is seen at 4.25 Kb indicating that the insert DNA must contain at 
least 2 Hind III sites spaced by this distance since no band of this 
size is seen in the vector DNA digests (Figure 4B). In addition 
there is a band at about 7.9 Kb. On subsequent digestion with 
Eco RI (Track 2B) this band disappears to be replaced by 6.0 Kb 
and 1.55 Kb bands. Since the 6.0 Kb franent of the vector is 
known to be on the right side of the RI site, there must be a 
Hind III site within 1.55 Kb of the right end of the inserted DNA. 
The 4.25 Kb insert bath should also contain an RI site within 100- 
200 N.P. of the left end, as explained above. 	Removal of this fragment by 
Eco RI would not cause any appreciable change in mobility so it may 
be assumed that there is no additional Hind III site to the left of 
this fragment. In this fashion maps of all 10 chimeras may be 
drawn and are displayed in figure 5. There are 3 classes of 
chiineras: 4:1, 4:3, 4:59 4:6 and 4:8 do not contain Hind III Bites, 
chimeras 4:2, 4:7, 4:9 and 4:10 have a single Hind III site within 
1.55-1.8 Kb of the right end of the insert and 4:4 has a single Hind 
III site 1.15 Kb from the left end of the insert. These classes 
are the same as these defined by reassociation. 
Analysis of the representative clones 4:4 4:2 and 4:4 should 
therefore describe the several structures seen in chimera 4 hetero-
duplexes (section III A vii), 
PLATE 13 
A - C vector, chimera 4:1 heteroduplexes 
Only the inserted DNA loop is shown, and is 
devoid of secondary structure. 
D, E vector, chimera 4:2 heteroduplexea. 
Only the inserted DNA loop is shown and is 
closed at its junction with the Lambda DNA, 
by a short duplex segment (arrowed) 
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PLATE 14 
A - C vector, chimera 4:4 heterodupleXea spread 
on a This, formamide hypophase. Only the 
inserted DNA loop is shown, containing a looped 
hairpin. 
D - F The same heteroduplex reaction mix as in 
A, B and C, spread onto a distilled water hypophase. 
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Histograms of data derived from size 
measurements of the cloned DNA chimera 4:2 
heteroduplexee • Molecular weights are expressed 
in Kilobasea. (Kb). 
Pol 
30 40 50 60 -70 Kb 	.1 	•2 	•3 •4 •5 Kb 
FIGURE 7 
Histograms of data derived from size measurements 
of the cloned DNA in Chimera 4:4 heteroduplexes, 
Single Rt and single Lt are the single strand 
portions of the cloned DNA to the right and left of 
the hairpin duplex. Molecular weights are expressed 
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PA3IE 3 	Electron microscope sizes of inserted DN& 
structures seen in heteroduplexee of chimera 
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ix, 	Heterodupx analysis of chimera 4:1, 4:2 and 4:4 
Heteroduplexea of chimera 4:1, 4:2 and 4:4 DNA. were made with 
the vector DNA., as described in section II B x, The reaction 
mixtures were spread onto Tris formamide hypophasee (section II B 
ix) and viewed in the electron microscope. Chimera 4:1 showed 
simple single strand insert DNA. loops, with no secondary structure 
(Plate 13A-C) but loop dimensions were variable. This variability 
is in accord with the data in section IIIB. 
Chimera 4:2 showed a single strand loop structure closed, at 
the junction with vector DNA, with a length of double strand DNA. 
(Plate 13 D and E). 
Chimera 4:4 showed an internal hairpin loop which was separated 
from the vector DNA. by single strands (Plate 14). To show that the 
closure of the hairpin was indeed double stranded, a heteroduplex 
reaction mix was spread onto a distilled water hypophase. This, as 
can be seen from plate 14 D-F, gives higher discrimination of double 
and single strand DNA and under these conditions, the duplex stem is 
convincingly demonstrated. 
Photographs were taken of 4:2 and 4:4 heteroduplexes at a 
magnification of 259700 and further magnified x32 to allow measurement 
of the molecules. Sizes were measured relative to single strand 
circular Fd DNA and double strand circular PM2 DNA. Molecular 
weights of the 2 markers were taken as 6.4 Kb for Pd (Biyard 1970) 
and 9.25 Kb for P1(2 (Espejo at al 1969). Standard deviations of 
the length measurements for the markers were t 6% and ± 5% 
respectively. Loop and stem dimensions of 4:2 and 4:4 are displayed 
as histograms in figure 6 and figure 7 respectively and mean length 
values, calculated from these data are displayed in Table 3' Por 
PlATE 15 
Electron micrographs of whole chimera 4 heteroduplex 
molecules, indicating the location of the hairpin 
structure, seen in chimera 4:4. The short, right, arm 
of Lambda is arrowed and it can be seen that the hairpin 
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2Kb 
chimera 4:4 the position of the hairpin structure in the inserted 
DNA may be determined by examination of the double loops, containing 
such a hairpin, found in chimera 4 heteroduplexes. Plate 15 ahowd 
that the hairpin is located to the right (short Lambda fragment 
side) of the inserted DNA. This gives the orientation of the single 
strand regions of insert 4:4 and enables unequivocal identification 
of the left and right single strands seen in chimera 4:4 9 vector 
heteroduplexea. 
In Table 3 mean values are given ± 1 standard deviation of the 
appropriate double or single strand maker used. Actual standard 
deviations of sample data are also included and these indicate a 
greater degree of variability than expected. It is possible that 
the DNA from these clones is unstable within the vector, as discussed 
in section III B. 
To conclude the structures present chimeras 4:1, 4:2 and 4:4 
explain the structures seen in the parent chimera 4. Mapping of 
the inserted DNA in chimera 4:2 and 4:4 by intrastrand homology and 
by Kind III restriction gives the structure of the DNA of 4:2 and 4*4 
shown in Figure 8. 
It is interesting to note that the hairpin duplex segment of 
clone 4:2 could only be observed if 4:2 was heteroduplexed to vector 
DNA. In over 200 observed molecules, it was not seen if 4:2 was 
heteroduplexed to another chimerical Lambda DNA, indicating that the 
hairpin duplex was only stable if its 'ends' were held together by 
Lambda DNA duplex. This demonstrates the difficulty in interpretation 
of electron microscopic studies of large numbers of heterogeneous 
foldback molecules isolated from total DNA. 
51. 
FIGURE 8 
The single strand structure of cloned DNA in 
0111 r 4:2 and 4:4. Restriction sites within the 
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SECTION B 	 INSTABILITY OF CLONED DNA 
Sizing of the inserted DNA of chimeras 1-10 (Table 1) showed 
a high degree of variability. The size of the inserted E eaculentus 
DNA ranged from 7.3 - 5.95 Kb but chimeras 49 59, 7 and  9 all showed 
inserted DNA fragments considerably smaller than this range. One 
trivial explanation could be that this was due to internal RI sites 
within the inserted DNA, that could arise if the starting DNA was a 
partial digest. This may be discounted on two grounds. Firstly 
non molar yields of bands are evident in several oases, particularly 
chimeras 5 and  9 and secondly heteroduplex analysis showed single 
strand loops of very reduced size from the expected value. Both 
points argue against internal RI sites. 
Variability in the inserted DNA falls into two categories. 
The data displayed in Table 1 show that a number of different DNA 
sizes occur within a single phage population, presumably as stable 
or meta-stable sizes,, and these represent the major size class or 
classes. The second category, on the other hand, is a minor 
component of the insert DNA • In the experiments shown above only 
0.5 p9m  of restricted DNA was analysed. But if 20-100 pgm samples 
of RI restricted DNA from chirneras 1-10 were run on 2.5 cm, 1% 
agarose tube gels then minor components can be visualized. For 
example chimeras 3 and 10 (Plate 16) show patterns of minor bands 
below the major size class and these bands exhibit some relationship 
in size to one another. 
For accurate size measurements on the minor bands it was 
necessary to use slab gels. Chimera 4:1 was used for these 
experiments. The pattern of 4:1 hybridization to chimera 4 (Plate 
bA) showed minor bands at lower molecular weight than the major 
PLATE 16 
2.5 cm diameter 1% Agarose tube gels containing 
50 ,in of Eco RI restricted chimera 3 and 10 DNA. 
A = Vector A fragment, B = Vector B fragment 
Ins major insert size class 
Many small bands are visible at molecular weights 
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PLATE 17 
Agarose gel electrophoresis of RI digests 
of chimera 4:1 DNA. 
0.5ygm Lambda wild type digested with Eoo RI 
1.0ym Lambda wild type digested with Eco RI 
plus Hind III 
0.5 ,pgm Lambda wild type digested with Hind III 
4&l A 15 ,pgm of chimera 4:1 DNA digested with 
Eco RI 





Microdensitonter tracing of the chimera 4:1 
Boo RI digest displayed in Plate 17. Only the 
inserted DNAa are traced.Major indicates the major 
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insert. In addition the sub clones represented by chimera 4:39 
4:5 and 4:6 were all related to chimera 4:1, and were considerably 
smaller in insert DNA size than chimera 4:1. It thus seemed like]y 
chimera 4:1 was unstable. 15 4pgm of RI restricted 4:1 DNA was 
therefore.run in a 2x0.4 cm slot in a 0.8% Agarose gel. The result 
is displayed in plate 17. 25 bands below the major insert class may 
be seen (Figure 9). Use of Hind III plus RI double digests of wild 
type Lambda DNA as markers enabled accurate size narking of the minor 
bands to be achieved. The sub bands range in size from 5.95 Kb to 
2.15 Kb and show a marked relationship of ± 150 N.P. over the whole 
size range (Table +). The pattern is reproducible and shows sub bands 
number 14 and 18 to be in slightly higher yield. Only 20% of the inserted 
DNA has been reduced in size, as judged by relative yields of the major 
insert band and the vector B band, estimated by microdensitometry (data not 
'presented). 
Identical gel analysis of chimeras 4:2 and 4:4 failed to 
establish a simi].a± pattern of variability, but a very low level of 
instability of insert DNA would not have been detected and could 
account for the variability of the data presented in section III 
Aix. 
The behaviour of duplications in Lambda has been studied by 
Bellett at al 1971. Use of genetically defined duplications enabled 
these workers to show that reduplication of sequences could be 
accomplished by unequal crossing over and that loss of duplications 
could occur by internal recombination. There is no evidence in 
chimera 4:1 DNA of insert DNA at higher molecular weights than the 
major insert band and so it seems possible that internal recombination 
has resulted in DNA loss. The regularity of sub band size relation- 
53" 
ships, is strongly suggestive of a tandemly repeated DNA sequence 
in the inserted DNA, with a repeat length of 150 N.P. 
The non molar yields of certain bands may be explained by 
several mechanisms. Firstly the small inserted DNA in, for example, 
Chimera 5 and 9 may represent non tandemly duplicated portions of 
the inserted DNA. Secondly re-duplication of small DNA inserts my 
give rise to non molar yields of higher molecular weight classes. 
Thirdly the pattern may simply represent a stochastic process of DNA 
loss. 
The instability, it is suggested, in certain inserted sequences 
in this vector, is due to tandem duplications in the inserted DNA 
and the 'sensitivity' of the vector or host recombination systems to 
DNA with this structure. 
The observed variability of cloned DNA in 4:1 9 4:2 and 4:4 is not 
a serious objection to their use as probes of structure. The majority 
of the cloned DNA has remained homogeneous, but it would present 
difficulties to the fine mapping of cloned DNA seqiiences.t 
The behaviour of oh1mArical Lambda 607 is obviously complex and 
requires further investigation. 
54. 
CHAPTER POUR 
VARIABILITY IN ECHINTJS 
ESCULENTUS DNA 
JATE 18 
0.8% Agarose gels of 4 jigm samples of sperm 
DNA from E. esoulentia Nos. El - E4, digested with Eco RI, 
Hind III digests of 4.0 )'9m samples of sperm 












The following results demonstrate differences between 
individuals of Echinus esculentus • This series of experiments 
was an attempt to -teat the conclusions of Penman et al 1976 
(section IF vii). 
SECTION B 	 VARIATION BETWEEN INDIVIDUALS 
io Total DNA variation 
Sperm DNA, prepared separately from 4 individuals (Nos. E1-E4) 
was restricted with Hind III or Eco RI (section lID iii). 4 p 
samples were run on 0.8% Agarose gels • The results are displayed 
in plate 18. Very fine band patterns can be seen in the ethid.ium 
stained gels, provided they were run at low voltage gradients 
(Section IIB iv). Qualitative differences are apparent between the 
DNAa with both Eec RI and Hind III. Most striking in the RI 
pattern is the band difference at about 6.0 Kb. No such obvious 
difference occurs with Hind III; a faint band at lower molecular 
weight represents the greatest difference. However a large 
number of minor differences are visible in both digests. 
Neither.the addition of a further 10 units of restriction 
enzyme, nor digestion for a further 5 hours altered the pattern 
and the pattern was also unchanged after re-extraction of the sperm 
DNA with phenol, chloroform/octanol and ethanol precipitation 
55. 
followed by re-restriction. This indicates that digestion was 
complete. Data displayed in section IVB ii,, iii indicate that 
both ribosomal and histone DNA show a complete digest pattern, 
further indicating that variability was not due to partial digest 
patterns. 
Other E. esoulentus samples (E5-E7) show similar patterns of 
RI fragment variability (Plate 22 9 E5Sp, E6Sp, E'7Sp). 
In a blind experiment it was possible to identify the source 
E. esoulentus by its restriction pattern with RI and, with greater 
difficulty Rind III. 
The conditions of Agarose gel electrophoresis used in these 
experiments were critical, as was DNA loading, in order to see these 
small differences • Sample volume had to be kept low (not greater 
than 30 p1) and loading of more than 4 pgm of DNA resulted in loss 
of resolution of the highest molecular weights. Similarly, increasing 
the voltage gradient from 1 volt per cm. to 5 volts per cm,,  resulted 
in serious loss of resolution. 
The differences between individuals are impossible to quantify 
because any single band represents only a small change in intensity 
over background. However the simple conclusion may be drawn that 
the variation probably originates in repeated DNA sequences • A 
lower estimate of reiteration frequency (here not used in its 
kinetic sense) may be derived. Southern (pers. comm.) has shown it 
is pOssible to visualize whole 5V40 DNA within a total E. eaculentus 
digest at a level of 0.1% of total DNA. Since S740 is approximately 
5 Kb in length a reiteration frequency of 200 may be calculated as 
the lowest resolvable band producing DNA class. The observed 
differences must therefore fall in DNA with a reiteration frequency of 
approximally this value. 
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It should be pointed out that the presence of a band, despite 
the above, does not necessarily indicate homogeneity of DNA from 
this band, Similarly random sequences of the size of the 
E. escu].entua genome (approx. 9 x 108  NP) at this resolution may 
also give rise to an apparent banded pattern, as is true for the 
smaller (3 x 106  NP) E. coil restriction patterns (Southern 197530, 
ii. Variability of Ribosomal DNA 
Ribosomal and histone DNA (results in section IV13 iii) were 
analysed firstly as controls for partial digest of DNA, described 
in the previous section, and as a further investigation of DNA 
variability. Ribosomal cistrons in Xenopua laevia and mu]leri 
have been shown to vary considerablybetween individuals (Weilsuer 
& Reeder 1975) (discussed in section VB). His tone DNA was believed 
at that time to be homogeneous in sea urchins (Kedea et a]. 1975). 
RI and Hind III digests (section IVB i) were used. Agaroae 
gel eleotrophoresia was as described in section lID iv and the 
results have already been discussed and displayed in section IVB i 
and plate 18. The gels shown (containing 4 ia of DNA per track) 
were denatured, neutralized and transferred to Millipore RAWP, 
nitrocellulose filters by the Southern technique (Southern 1975B), 
modified for whole slabs as described in section IIB vi. The 
transfer was allowed to proceed overnight (20 hours) and the 
milhipore sheet washed in 2 x SSC and baked at 80°C under vacuum 
for 2 hours. Each lane was cut into 3 longitudinally for hybridization. 
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PlATE 19 
Transfer hybridizations of E. esculentus DNA. from 
individuals El - E3, hybridized with 1251 labelled 
189 and 28s rRNA from mouse. 
2 jigm samples of sperm DNA from El - E3 
restricted with Hind III 
2 jgm samples of sperm DNA from El - E3 
restricted with Eco R 
18 hybridized with 18s rRNA, 28 hybridized 
with 28s rRNA 
El 	E2 	E3 
	
El 	E2 	E3 
18 28 18 26 18 28 18 28 18 28 18 28 
Kb 





• 	 Kb 




TABLE 5 Sizes of rDNA fragments from E. esculentus. Sizes 
are calibrated relative to Hind III and R 1 digests of 
wild type Lambda DNA, and should be taken as approximate 
due to the difficulty of comparison of gel photos and 
transfer hybridizations. 
Individual Hind III Boo R1 
Number 
?rant 	Hybridization Fragment Hybridization 
size Kb size Kb 
El 3.80 188 3.80 
18 + 28 
5.65 	;-. 28s 5.00 18 
7.40 28s 7.00 18 
380 180 4.40 18 + 28 
5.40 28s 6.05 18 
5.50 28s 
B3 3.80 lBs 4.20 18 + 28 
5.85 	i - 28s 4.75 18 
7.40 q- 28s 7.70 18 
No correlation of Hind III and RI repeat lengths may be attempted 
S 4 nce spacer DNA sequences that do not contain 18s or 28S RNA will not be 
visualized in this experiment. 
It is known that rat rRNA will cross react with sea urchin 
DNA under the conditions of transfer hybridization (Southern pars, 
comm.) and Mouse 18s and 28s rRNA were used in these experiments. 
1251 labelled 18s and 28s (specific activity 5 x 10 cn per )iwn) 
isolated by acrylamide gel electrophoresis, was a gift of N. Arnheia. 
Hybridization was for 18 hours in dialysis tubes, in 0.1% SDS, 
2 x sSc at 65°c. 28s and 18s species were hybridized separately. 
The filters were washed and exposed to X-ray film for 2 days (section 
IIB vi). The results are displayed in plate 19 and size and 
hybridization patterns tabulated in Table 5. 
Heterogeneity is evident in the Hind III 28s containing fragments 
(Plate 19A) but not in the major 18s fragment. It is not clear if 
the low level of hybridization of the 18s probe to the 28s containing 
fragments is due to 18s sequences or contamination of 18a probe with 
28s rENA fragments. 
RI digest patterns (Plate 19B) show heterogeneity in both 18 
and 28s containing fragments. In the 3 individuals studied no 
pattern of fragments occurs more than once. 
It has recently been reported by Wilson at al 1976 and Perler 
et a]. 1976 that heterogeneity in the rDNA cistrons of the sea urchin 
Lytechinus veriegatus, occurs in both transcribed and non transcribed 
spacer DNA. It is not clear from these studies whether the hetero-
geneity occurs within or between individuals. The similarities of 
the data reported here with the situation in Xenopus rDNA is 
discussed in section VB. 
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PLATE 20 
Transfer hybridizations of E. eaculentus DNA from 
individuals Nos. 1 - 4, hybridized with 52P cRNA 
made against a His tone DNA, Lambda chimera. 
2 ,gm samples of Hind III restricted DNA from 
E1-E4 
2 4pgm samples of Eco RI restricted DNA from 
El - E4. 
El E2 E3 E4 	 El E2 E3 E4 
I 
•1 	iJr2 * 
A 	 B 
TABLE 6 	Sizes of His tone DNA fragaents from 4 E. esoulentus 
Individual 	 Hind III 	 R1 
No. 	 Size Kb size Kb 
El 	 4.45 	 6,8 
E2 	 4.50 	 6.8 
	
3.65 6.3 
E3 	 4.45 	 6.3 
3.65 
3.40  
E4 	 4.45 	 6.8 
3.65 6.3 
The relationship of the small Hind III fragments to the various 
large: Hind II fragments is not established in this experiment and this 
makes attempts at correlation of the overall Histone DNA repeat lengths 
in the Hind III and RI experiments impossible. 
iii. Hietone DNA variability 
Hind III or Eco RI digested DNA from individuals Nos. El-E4 
were run in 2 x 0.4 an slots of an 0.8% Agarose gel, which was 
denatured, neutralized and transferred as described in sections lID 
iv, vi. The filters were prepared for hybridization as described 
in section I1B iii. The probe to these filters was 32p  oRNA 
(specific activity 1.6 x 10 cu per pgm) made against a whole 
Lambda 607 chimera containing an E. esoulentus RI his tone gene 
repeat. (Gift of E.M. Southern). The inserted DNA in this 
chimera was shown to be histone DNA by hybridization with bistone 
mRNA and by cross reassociation with cloned histone DNA from 
Psamechinus miliaris (Southern pers. Comm.). 
Hybridization was carried out for 18 hours in dialysis bags 
containing 1 ml of 2 x SSC, 0.1% SDS and 50 ngms of 32p CRNA. 
The hybridization was in probe excess. After hybridization, 
filters were washed, dried and autoradiographed for 18 hours 
(section IIB vi) (Plate 20) . Sizes (Table 6) were determined 
relative to RI and Hind III digests of wild type Lambda DNA. 
be 
Only approximate sizeam'/ determi ned 	because of the difficulty 
of comparing the autoradiographe with gel photographs. 
RI repeat lengths fall into 2 size classes, 6.8 Kb and 6.3Kb. 
E2 and E4 show different relative amounts of hybridization to the 
63 Kb band and this difference is reflected in hybridization to 
the 3,65 Kb fragnent of E3 and M. However the Hind III digest 
of E3 shows that the single 6.3 Kb fragnent is not the same as the 
6.3 Kb fragment of E2 or E4. Thus E3 yields a 3.4 Kb fragment, 
plus 3,65 Kb, whereas E2 yields only a 3.65 Kb fragment ', 
In addition 2 constant faint bands are seen in the Hind III 
digests of all 4 individuals • Sizes are estimated at 1 and 1.5 Kb, 
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but marking in this size range is not satisfactory. 
More accurate measurement and a more extensive survey than 
were possible in this study would be needed to show the extent 
and nature of the heterogeneity within the population and 
individuals. 
Non specific, background hybridization in these experiments 
was very high and fine details were difficult to see. It remains 
possible that all individuals possess both 6.8 and 6.3 Kb R1 
fragments but in this case the ratio of these types must be very 
variable. 
Kedea at a). 1975 and Kedes 1976 state that histone DNA from 
Stronglyocentrotus purpuratus is not variable at this level. 
However the data on which this conclusion is based (Kedea at al 
1975) relies upon separation of heterogeneous DNA on sucrose 
gradients. It seems unlikely that this technique is sufficiently 
sensitive to allow resolution of DNA fragments only 0.3 Kb different 
in size. In addition a number of individuals were used to provide 
DNA samples in these experiments. Work of W. Schaffner (K.Groas, 
pera, comm.) has found that DNA from P. milaria shows heterogeneity 
of his tone DNA in experiments similar to qr own. Again, these 
experiments were performed on a DNA preparation prepared from a 
number of individuals. The experiments reported in this section 
are more sensitive than those of Kedea et a). 1975 and performed on 
single individuals and this gives a clearer picture of. the source 
of heterogeneity. It is possible that E. esculentus is different 
from other sea urchins in respect of its variability and this could 
be easily tested by the kind of experiments described above. 
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PLATE 21 
A. Transfer hybridization of 1.3 pgm samples of 
sperm DNA from E. esculentue individuals Nos. 1 and 
2, restricted with Eco RI and hybridized with 
32  P 
eRNA made from chimeras 4:1 and 4:1+. Duplicates 
are shown. 4:1 is a one day autoradiograph, +:k 
is a 3 day. 
B. Transfer hybridization of 0.02 )1fl of Boo RI 
digested chimera 4:2 DNA, hybridized with 32P cRNA 
made against chimera 4:2 • This quantity is 
equivalent to a single copy sequence in 4 igm of 
E. esculentus DNA. Seven day autoradiograph. 
4]. 	 LfLf 







iv. Variability of sequences in sea urchin DNA that cross-reassociate 
with the cloned DNA in chimeras 4:1 and 4:4. 
0.83 Aga.rose gels of RI digests of E. esculentus DNA from El 
and E2, containing 4 ygm per track, were run (section lID iii) and 
each slot was then transferred to millipore (section IIB vi). Each 
filter was divided into 3 longitudinally so that each strip contained 
approximately 1.3 pn of DNA. 
32 P ciuA (specific activity 1.6 x 108  cun per pen) was prepared 
using whole chimera 4:1 and 4:4 on templates and 50 nn of each, in 
1 ml of 2 x SSC, 0.1% 5DB was hybridized to the filter strips, 
confined in dialysis bags. Duplicates of each strip were hybridized 
at 65°c for 17 hours. Conditions of probe excess were used. Filters 
were washed and autoradiographed for 1 day (clone 4:1) Pr 3 days 
(clone 4:4). Results are displayed in plate 21A. In addition 2 
control filters were included. One contained 4 pn of mouse DNA 
digested with Eco R1; the second contained a quantity (0.02 pn) 
of Eco R1 digested chimera 4:. DNA equivalent to a single copy 
sequence in E. esculentus DNA of the same size. The mouse DNA 
showed no hybridization indicating that hybridization was specific 
forE. esoulentua (data not presented). The mock single copy 
showed no hybridization after 3 day autoradiography, but was visible 
after 7 days (Plate 21B), indicating that the bands 'visible after 
1 or 3 days in E, eBOUlentus DNA represent repetitive fractions of 
the genome. 
Attempts to hybridize chimera 4:2 in this fashion failed to 
produce useful information. The extent of hybridization relative 
to the single copy control indicated that 4:2 was hybridizing to a 
number of different, low repetition components in the DNA. No 
band pattern was visible. Data displayed in section IV CX, plate 
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26 shows a similar experiment for El. Some weak banding is 
observed. 
The different banding patterns seen using chimera 4:1 and 4W 
are identical in the duplicates but show distinct differences 
between El and E2 • The bend pattern is complex and the number 
of bands is so large that it is difficult to identify any individual 
band. It is apparent that both clones hybridize large faniliea 
of homologous sequences of which only one is represented in each 
clone. 
It should be stressed that the hairpin structure seen in 4:4 
represent at most 20 of the inserted sequence: it is not possible 
to draw any conclusion regarding the location of this structure 
within the genome since hybridization could be from either the fold-
back or the flanking sequences. 
Background radioactivity was again problematic in these 
experiments. The amount of RNA sticking non specifically to the 
filter was not related to the probe used, the hybridization conditions, 
the method of transfer or the method of containment of hybridizing 
solutions • This problem was most serious with chimera 4:2 and made 
patterns particularly difficult to discerns. The background was of 
2 types. Firstly non specific binding to any part of the millipore 
in contact With agarose during transfer and secondly binding of 
homologous sequences to the total DNA distribution. The latter 
possess some interesting questions that require further investigation. 
62. 
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SECTION C 	LACK OF VARIATION WITHIN INDIVIDUALS 
Introduction 
The experiments described in section IVB are discussed further 
in section VB. However some implication must be considered. 
There are two possible origins of gross variability of DNA. 
Firstly the variability could be a polymorphism of sequence, or 
length, within a population. Secondly the variability could be 
generated by some process, either somatic or gemnline from within 
a single organism. Perlman at a]. 1976 favoured the latter as an 
explanation for their observation that sequences flanking foldback 
]NA represented the whole genome. 
This possibility was tested by a similar analysis to those 
reported in section lyE but using DNAs from different tissues of a 
single individual. E. esculentus has 3 readily utilizable sources 
of DNAs sperm (or egg), intestine and tube foot. The argument 
may be advanced and tested that if DNA mobility was causative of 
DNA variability then DNA variability should be evident within the 
different tissues of the same organism. 
Total DNA within individuals 
The preparations of DNA used in these experiments were a gift 
of K. Gross. DNA was prepared separately from tube foot, intestine 
and sperm of 3 male E. esculentus (NOB. E5-E7), as described in 
section lIE ii. 
DNA made in this fashion from tube foot and intestine, but not 
sperm, was highly refectory to both Eco RI and Hind III. No 
PL&TE 22 
0.8 Agarose gel electrophoresis of 4 igm 
samples of Eco RI digested DNA from Tube foot (Tu), 
Intestine (Int) and Sperm (Sp) from E. esoulentus 
Individuals Nos. E5 - E7. Note the high 
molecular weight band seen only in the 3 
intestinal samples. 
C 







convincing explanation of this can be advanced, but banding of DNA 
in neutral CsCl gradients or the passaging of small quantities of 
DNA through the CaC1 procedure developed to eliminate this problem'  
in phage lambda DNA preparations (section 113 viii), resulted in DNA 
samples that were sensitive to both enzymes. It is probable that a 
polysaccharide component of E. esculentus was co-purified with the 
DNA that caused inhibition of the 2 enzymes. 
10 pu samples of each DNA were restricted with Eco RI and 4 pa 
samples run in 2 x 0.4 om slots of an 0.8% agarose gel (IIB iii, iv). 
The results are displayed in plate 22. The 3 individuals show 
variation between each other, but with one exception, there are no 
visible tissue differences. The exception is a high molecular weight 
band that is present in all 3 intestinal samples only. The origin 
of this band is problematic. It does not vary between individuals 
and may represent a sequence present only in nuclear DNA of intestinal 
cells. It could be mitoohondrial DNA, which would be expected from 
metabolically active tissues, but no information is available as to 
the expected yield of such DNA. It is also possible that it 
represents a contaminant DNA isolated from micro-organisms resident 
in the gut, despite extensive perfusion of the intestines (section 113 
ii). A final, possibility is that of differential DNA extraction, 
though since the tissues were extracted in an identical fshion, this 
is unlikely. 
The gel patterns are well resolved and convincingly similar with-
in each individual. It is apparent that the individual variability 
does not extend to within individual changes at the level observed. 
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PTE 25 
Transfer hybridizations of 2 pgm of Eco RI 
digests of DNA from Tube foot (Tu) Intestine (Int) 
and sperm (Sp) from B. esculentus individuals 
Nos. E5 - B?, hybridized with 1251 labelled mouse 
18s plus 28s rRN&. 7 day intensification 
exposure. 
E5 
mt tu sp 
E6 	 E7 
mt 	tu sp 	 mt tu sp 
 
T&BLE 7 	Sizes of rDNA fragments from tissues of 3 E. esculertus 
individuals. No detectable difference in size between 
each individuals' tissues is apparent. 
Individual 	 rDNA size Kb 
No. (28s + 18s probe) 
E5 	 10.05 
4.70 
E6 	 10.05 
5.15 
4.70 
E7 	 10.05 
6.80 
4.70 
iii. Ribosomal DNA within individuals 
Approximately 2 pn samples of RI restricted DNA from tube 
foot, intestinal and sperm DNA from E5-E7 were run on 0.7 x 0.4 
slots of a 0.8% Agarose gel and the DNA transferred to inillipore as 
a whole slab. (section ILB vi). Two such gels were treated 
identically. The DNA loading of these gels was not identical for 
each sample. More of the sperm DNA was loaded than DNA from other 
sources. 
One filter sheet was hybridized with 5 pn per ml of 125 
labelled (Specific activity less than 10 7 cn per pgm) 18s and 28s 
mouse rRNA, mixed together, in 2 x SSC, 0.1% SDS at 650C. The 
rotating cylinder method of hybridization (section IIB vi) was used 
and continued for 18 hours and the filters washed as standard. 
(IIB vi). Autoradiography with intensification (Laskey and Mills 
pers, comm.) was used to visualize the ribosomal DNA bands and a 
7 day exposure was necessary. Some of the bands were faint even 
after this exposure and are displayed in Plate 23 and sizes in Table 
7. It is apparent that there is no change in size of fragments of 
rDNA between the tissues of a single individual, comparable to the 
between individual differences. It is also interesting to note 
that the sizes of E5-E7  rDNA fragments are considerably larger than 
those of E1-E3 • The reasons for this are not apparent, but may 
reflect on the geographical location of the 2 groups • It is possible 
that these E. esculentus samples were collected from 2 inbreeding, or 
partially inbreeding populations and the group differences of 
riboaomaJ. DNA repeats may reflect this (El-B4 were collected in 1975 
and E5-E7 in 1976 9 from the West Coast of Scotland). 
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PLATE 24 
Transfer hybridization of 2 pgms of Eco RI 
digests of Tabs foot (ii), Intestinal (Int) and 
Sperm (Sp) DNA, from E. esculentus individuals 
Nos • E5 - El, hybridized with 32 P cRN& made from 








E5 	 E6 	 E7 
sp tu mt sp 





TABLE 8 	Sizes of Histone DNA RI fragments from 3 tissues 
of 3 individuals. No difference between each 
tissue of one organism was detectable. 
Individual 	 R1 
No. 	 His tone DN& 
size b 
E5 	 6.95 
E6 	 7.30 
6.30 
El 	 6.60 
iv. Histone DNA within individuals 
The second gel transfer described in section IVC iii was 
hybridized with 32p cR.NL (specific activity 1.6 x 108  cun per 
pgn) made on a template of the lambda chimera containing the his tone 
DNA, described in section IVB iii. 50 nons per ml of oRNA in 
2 x SSC, 0.1% SDS were hybridized to the whole filter sheet using 
the rolling cylinder method (IIB vi). 	Hybridization was for 18 
hours at 65°c. The filter was washed and dried as in section IIB 
vi and visualized by autoradiography with image intensification 
(IIB vi). The result is displayed in plate 24 and sizes are given 
in table 8. Background hybridization was extremely high but no 
variation in the mobility of bands can be seen within individuals. 
Between individual differences are similar to those reported in 
section lIFE iii. The differences in loading allows no firm 
statement on quantitative hybridization differences within a single 
animal, although it is apparent that the relative intensity of the 
7.3 and 6.3 Kb band in E6 differ between the sperm and somatic DNA. 
The quality of the results does not allow further speculation, but 
it would be relatively easy to establish if the variation was 
genuine or due to DNA loading, partial transfer of the two bands or 
simply an artifact of intensification autoradiography. 
The sizes of the hiatone DNA repeats from E5-E7 differ 
marginally from those of E1-E4. The difficulty of size ms4eing in 
these experiments has been briefly discussed and does not allow firm 
conclusion, but it is possible that the large difference between the 
7.3 Kb and 6.3 Kb band of E6 does indicate an additional, class of 
his tone DNA repeat sizes to those found in E1-E4. More data, in 
particular mixing experiments, are required to verify this. 
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IATE -25 
Transfer hybridizations of 2 pu samples of 
Eco RI digested DNA from Tube foot (Tu), Intestine 
(Lit) and Sperm (Sp) from E. esculentue individuals 
Nos • E5 - El, hybridized with 32p oRNA made 
against 
chimera 4:4 DNA • 2 day exposure. 
E5 	 E6 	 E7 







v. The location of se 	 ous to chimeras 4:2 
within individuals 
The gels displayed in section IVC 1, containing 4 pa per tra6k 
of RI digests of tube foot, intestine and sperm DNA from E5-E7, were 
transferred and prepared for hybridization (IIB vi). Each lane was 
out in half longitudinally. To each half, 
32  cIA (specific 
activity 2 x 10 oun per pgm) made against chimera 4:2 or 4:4, was 
hybridized in 2 x SSC, 0.1% SDS at 100 ngms per ml. Hybridization 
was at 650C  for 18 hours, in conditions of probe excesa,vaa contained 
in dialysis bags, using the rotation method of mixing (section IIB vi). 
Filters were washed after hybridization, dried and visualized by 
autoradiography, 1 day for 4:4, 3 days for 4:2. 
Results of hybridization are displayed in plate 25 (4:4) and 
plate 26 (4:2). Only E7 produced a usable hybridization pattern 
with clone 4:2. For the others, background was so high that all 
detail in the band pattern was masked. However it is apparent that 
4:4 hybridization is similar within the three tissues and different 
between individuals. Chimera 4:2 patterns are faint, as discussed 
in section ITB iv, but weak banding patterns are visible, apparently 
identical within E7 tissues. 
In conclusion, clone 4:4 closely resembles the pattern of 
variation exhibited by total, ribosomal and his tone DNAa. Patterns 
of hybridization are constant Within an organism but vary between 
individuals. Clone 4:2 9 for which' evidence is more difficult to 





SECTION A 	The isolation of chimeras containing foldback DNA 
The experiments reported in Chapter lilA show that it is 
possible to isolate structurally defined hairpin sequences from  
eukaryotes • The hairpins are reproducible in structure. ,stable 
under the conditions of study and are pure. This goes some way to 
answering the general criticisms that may be raised against previous 
kinetic definitions of foldback DNA (section IB). It is interesting 
to note that clone 4:2 is. only stable in its hairpin conformation if 
the ends of the hairpin are closed by base paired vector DNA, as 
explained in section lilA ix. This demonstrates the difficulty of 
interpreting data from the electron microscope where a molecule 
observed mr have a number of different potential conformations. 
The construction of chimeras containing a single foldback 
sequence opens up a number of possible experiments, of which the 
experiments reported in Chapter IV, using whole chimera 4:19 4:2 
and 4:4 as probes of sequence homology within total genomio DNA, 
are a first approach. It is curious that both 4:2 and 4:4 show 
very complex location patterns (Plates 25 9 26) 4:2 in particular 
shows hybridization to a large number of restriction bands, which 
must represent low repetition frequency sequences, as discussed in 
section IV.B iv. The kinetic complexities of 4:2 and 4:4 are not 
yet known, but levels of overall hybridization show that 4:4 hybridizes 
to more repetitive elements than 4*2. It would be interesting to 
establish the nature of the sequences in the cloned DNA responsible 
for the different patterns of hybridization. The hairpin sequence 
itself could be the source of hybridization, but it should be borne 
in mind that the sequences in the probes described here are at 
most 20 foldback DNA. It would be necessary to trim off the 
non-foldback sequences to test the behaviour of the hairpin 
sequences • This could be done by use of the appropriate 
restriction enzyme double digest, or single strand specific 
nucleases after reaasooiation. Use of such probes would allow 
a direct test of the conclusions of Penman et a]. 1976, that hairpin 
structures move in DNA during development. The data provided in 
section IV, on variation between individuals, provide an alternative 
interpretation for the results of Penman et a]. 1976. If the DNA 
sequences flank-in g a particular foldback site themselves varied 
rapidly during evolution, then this would mimic movement of the site 
and since the experiments described by Perlman et a]. 1976 were 
performed upon DNA pooled from 5 individuals (S. Penlmn pens * comm.) 
variation occurring during development cannot be distinguished from 
variation between individuals • Thus 5 different flanking sequences 
could be present in the 5 individuals. 
Whilst the experiments described here do not add to our under-
standing of the functional role of foldback DNA, it is clear that 
molecular clones containing such structures provide a good starting 
point for experiments designed to test current theories. 
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SECTION B 	DNA variability 
The experiments described in section IV shows that B. esculentus 
DNA varies in sequence between individuals at a number of different 
sites. The variation is seen as differences in spacing of restriction 
sequences in total DNA as well as ribosomal and histone DNAs. No such 
variability is evident within one individual and the variation is thus 
ana].agous to a genetic polymorphism of DNA sequence, in the 
B. eseulentus population. 
Two sources of restriction pattern variability may be eliminated. 
Firstly the methylation of sites in bacteria by modification enzymes, 
which renders the sites insensitive to cutting by the corresponding 
restriction enzyme (Arbor 1974), cannot account for the observed 
variation. In eukaryotes methylation occurs almost exclusively on 
the doublet 51CpG3' (Grippo et a]. 1968). Neither Rind III 
(recognition site 5' AAGCTT3 1 9 Old et al 1975) nor Eco RI (recognition site 
1a3i1 5' GAATTC3 1 , Bigger et a]. 1973) contain such a site. Now 
modification sites for these 2 enzymes are the first A of the Rind 
III site and the second A of the Eco RI site (and in both cases 
their synietric partners in the other strand). In sea urchins the 
level of A methylation is less than 1/20 of C methylation and in 
probably absent (Grippo et a]. 1968). It thus seems unlikely that 
inethylation could account for the observed variability, 
A second source of variability could be point mutations. 
Southern 1975A, has shown that mouse satellite can 'lose' restriction 
sites by mutation, giving rise to a characteristic agarose gel band 
pattern of monomer, di.mer, truer etc, of the basic repeat. This 
possibility can be eliminated for the his tone and ribosomal repeats 
for the following reason. Partial digests (K. Gross per. comm.) 
indicate that the histone DNAS are tandemly linked. It would 
therefore be expected that mutations in restriction sites would 
give rise to the monomers, dimere and trimers as observed by 
Southern 1975A, for mouse satellite. This is not seen in limit 
digests of the histone genes. In addition the large size classes 
are not simple multiples of the smaller. Therefore imitation cannot 
be responsible for the changes in repeat lengths observed for the 
his tone and ribosomal DNAs and this must be due to lose or intro-
duction of material between the restriction sites. For total DNA 
the possible effects of mutation are more difficult to assess. No 
estimate of the extent of variability is possible so it is difficult 
to put limits on the proportion of any given sequence that is varying 
i.e. to set a value for the rate of imitation. However thisproblem 
is somewhat simplified by consideration of the prominent band seen 
at 6Kb in E3 that is absent from E2. The presence of a discrete band 
in a restriction digest analysis indicated the presence of sequence 
that is reiterated and the problem of defining a mutation rate for 
a single sequence may be eliminated since between 10  and 10 
identical sequences may be represented in the band. 	It thus becomes 
possible to define an average mutation rate. To move the location of 
a size class of restriction fragments by mutation it is only necessary 
to mutate one base pair in either of the two restriction sites defining 
it. Therefore a mutation rate of 1 base pair change per 12 NP (8.3%) 
may be calculated. However, to maintain such a difference it is 
necessary that the 2 individuals remain genetically isolated from each 
other. Rice 1972 has shown for rodent repeated sequences that base 
changes accumulate at the-rate of 1% per million years. 	If this 
figure may be extrapolated to Echinoderms, it would imply that the 
ancestors of E2 and E3 had diverged 8.3 million years ago and not 
interbred since then. E2 and E3 were both collected from the same area 
of the Scottish west coast and it seems unlikely that they are so 
distantly related. It is apparent, therefore, that point mutation alone 
cannot explain the observed variability in total DNA. 
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A third alternative explanation for the observed variability 
in the total, histone and ribosomal. DNA is much more likely; 
namely that it is due to insertion or deletion of DNA between 
restriction sites. The best studied examples of such DNA hetero-
geneity in individuals are given by the Ribosomal DNA of Xenopua 
laevis and mullen (Wellauer & Reeder 1975) and in 58 DNA of Xenopua 
laevis (Carroll and Brown 1976 A, B). 
In nibosoma]. DNA, variability is confined to two regions in the 
non-transcribed spacer DNA (the so called A and C regions (Wellauer 
at a]. 1976 A). The A and C regions each contain tandem].y repeated 
sequences and variability in the overall ribosomal DNA repeat is due 
to increase or decrease in the number of these small repeats in A or 
C • The so called B and D region of the spacer are not taxulemly 
repeated and do not show variability in length. Penler et a]. 1976 
have reported that in the sea urchin ytechinus verigatus, variability 
occuts both in the transcribed and non transcribed spacer DNA. 
A similar pattern of length variability was demonstrated by 
Carroll and Brown 1976A in the spacer of the 58 RNA genes of Xenopus 
laevis. In this case variability is due to varying numbers of a 
14-15 NP repeat unit in the A+T rich region of the spacer. The 
MT rich region occupies 60% of each repeat and at least half has 
been shown by direct sequencing by Brownlee et al 1974 to consist of 
an A+T rich 15 nucleotide repeat. The C+C region does not appear 
to vary in this fashion, nor does it contain tandem duplications. 
It is clear that the heterogeneity observed in the h.tstone and 
ribosoma]. DNA of E. esculentus is in some wars similar to that already 
found in Xenopus iDNA and 5s DNA. However they differ in important 
details • A single Xenopus individual may yield as many as 5 variant 
restriction fragments from the nibosoma]. DNA (Reeder at al 1976) 
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whereas the seven E. eaculentus individuals studied in the work 
reported here showed at most 2 different size classes. Thus there 
are many more different rDNA spacer lengths in the Xenopua population 
and any individual contains a more diverse set than any individual. 
E. esculentus. 	In this respect sea urchin rDNA more closely 
resembles that of higher vertebrates (Arnheim and Southern, 
manuscript in prep.) Many factors may influence the degree of 
divergence seen among the members of a set of repeated genes. 
The structure of the spacer DNA, the mechanisms which generate 
the remove heterogeneity, the number of copies in the gene set, and 
the number of loci may all influence the extent of variability.' 
In looking for correlations between these factors and the degree 
of heterogeneity, the sea-urchin may provide a useful contrast to 
the better studied Xenopus laevis rDNA. 
The heterogeneity in Xenopua rDNA and 5s DNA, as discussed above, 
occur by gain or loss of whole repeat units within the spacer DNA. 
The most plausible mechanism for generation of such variability is 
unequal recombination. If the DNA strands may line up with any 
spacer repeat unit in register with any other spacer repeat unit, 
then of the 2 progeny DNA strands from a cross over,one would have 
gained repeat units and the other lost. This process adequately 
explains the Carnegie group's results from rDNA and 5s DNA. (see 
for example Brown and Sugimoto 1973A). 
If unequal cross over within repeated sequences in the spacer 
DNA is the origin of length heterogeneity, it is still not clear 
how the variation is spread within a repeated gene family (the so 
called Horizontal Evolution of Brown and Sugimoto 1973A). A number 
of mechanisms have been invoked. Saltatory replication is one 
possibility. If, for example rDNA from Xenopus, amplified in the 
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oocyte was reintegrated into the chromosome, this would be a 
saltatory process. Slow expansion and contraction of repeated 
genes is another possible mechanism. This has been extensively 
discussed by Smith 1973, 1976 who suggested that the multiple 
tandem repeats of repeated genes or satellite DNAS may evolve by 
unequal cross over or sister chromatid exchange. The emphasis in 
Smiths treatment is on homogenization of repeat families. He shows 
that after a number of unequal cross avers, any member of the 
original array of repeats may have spread through the whole array. 
However it is also clear that during this process of fixation, a 
more limited set of repeats may be present in any single array, and 
the homologous members tend to cluster together. The structure of 
the rDNA of Xenopus fits the predictions of this model very well. 
Saltatory replication has not been demonstrated in eukaryotea, 
but recent work on the inheritance of rDNA in X. laevis has shown 
that rare saltatory events may occur in this organism (Reeder et a]. 
1976). 2 progeny out of 50 studied exhibited rDNA variants that 
might be the product of aaltory processes. 
In addition to the process discussed above internal recombination 
within repeating arrays could result in DNA. loss in a fashion 
analagous to that seen by Bellett et al 1971, in the bacteriophage 
Lambda. Similarly gene conversion events following recombination 
(Stadler 1973)  could produce local changes in DNA sequence. 
The variation seen in the restriction patterns of total DNA from 
E. eaculentus is most satisfactorily explained by a mechanisms 
similar to those suggested to explain the heterogeneity in 5s arA  
rDNA. This viewpoint is only reasonable, of course, if the DNA 
cloned in 4:1 9 4:2 and 4:4 are homologous at least in part, to non 
coding DNA. Similarly the DNA variability seen in total DNA 
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restriction gels, must also stem from non coding fractions of the 
genome. But it is now generally accepted that only a mush 
fraction of the DNA is used to code for proteins and cytoplasmic 
RNAs. 	Non coding DNA is not subject to the same evolutionary  
constraints as coding DNA. For example mouse satellite DNA is 
diverged both in its lower order (Biro et al 1975) and higher order 
repeats (Southern 1975A). From measurements of the rate of 
divergence of coding sequences as compared with single copy DNA, 
Rosbaah et al 1975 argued that greater than 70% of single copy DNA 
from mouse and rat showed a degree of divergence that was incompatible 
with a coding function. Repetitive and middle repetitive DNA shows 
a similar or higher degree of divergence to that formed in single 
copy DNA and if this argument is accepted, it follows that greater 
than 90% of the mouse or rat genome is non coding and nay be seen as 
analagous to the spacer DNA sequences of repetitive genes. If this 
were the case it would not be surprising if the bulk of DNA was 
able to vary in size in a fashion similar to the spacers of repeated 
genes. The variation in patterns of hybridization of chimeras 4*1, 
4:2 and 4:4 probably indicate this kind of variation in the bulk of 
the DNA. 
The data presented here add no further clue to the mechanisms of 
DNA variation but show that variation between individuals, seen 
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